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ABSTRACT 
This project entailed mechanistic aspects of the formation of oilfield soaps. An integrated 
approach to the study of field deposits was developed leading to an optimised analytical 
protocol which is one of the major contributions of this thesis. The philosophy behind the 
choice of techniques was to integrate measurements suitable for bulk and surface 
properties. The selected and optimised techniques were electrospray mass spectrometry 
(ES), energy dispersive X-ray (EDAX) and solid state 13C nuclear magnetic resonance 
(NMR) as well as thermal analysis (TGA/DSC) and interfacial tension (IFT). These 
allowed for the differentiation of the two end-member types of soaps, namely, calcium 
naphthenate soap scales and sodium carboxylate soap emulsions, as well as for the 
identification of chemically-treated deposits and asphaltenes. It was concluded that the 
analysis of naphthenic acids from field soap deposits in mass spectrometry was a function 
of: ionisation source, solvent and instrument settings (e.g. voltages). These parameters had 
a direct effect on the relative detection of particular naphthenic acid species such as the 
Arn. Though the electrospray (ES) source was observed to lead to a more realistic 
fingerprint for naphthenic acid extracts, it was also suggested that the atmospheric pressure 
chemical ionisation (APCI) source could be used in conditions where identification of Arn 
was the ultimate objective. A series of static bottle tests were devised to simulate the pH 
changes associated with the occurrence of deposits in the field. The procedures focused on 
a number of model naphthenic acid systems, as well as acids extracted from field deposits 
and soap-forming crude oils. Soap formation was found to be a function of the precise 
aqueous phase (e.g. cations and pH) in addition to the oil phase (e.g. acyclic vs. 
cyclic/aromatic naphthenic acid content). It was possible to form soap deposits in the 
laboratory from both indigenous acids, as well as crude oils. Detailed speciation of certain 
indigenous acids allowed for the identification of Arn and the special properties of this 
species namely: four carboxylic acid groups by tandem mass spectrometry (MS/MS) and 
surface properties given by interfacial tension (IFT). Previous literature claims stated that 
Arn acid presence were solely responsible for the precipitation of calcium naphthenate soap 
scales. The results in this thesis show that although Arn acids have predominant surface 
properties, they compete with lower molecular weight acids for aqueous phase cations at 
high pH values. This was observed in static bottle tests as well as results from field 
precipitation samples. Fourier-Transform infrared (FTIR) spectroscopy showed potential as 
a technique for the prediction of soap deposition onset in the laboratory. Supporting 
experiments were designed to validate a simple thermodynamic model to predict the phase 
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behaviour of oil-water-naphthenic acid systems. A sensitivity study showed that the 
dissociation constants (pKa) of the naphthenic acids were the most important model 
parameters and could affect predicted output pH values. For indigenous naphthenic acids, 
alternative procedures for both dissociation constant and partition coefficient
 
were 
introduced. A comprehensive suite of crude oil analysis and water properties were 
employed for correlating field soap-forming systems. It was possible to obtain some trends 
which relate geochemical parameters with bulk crude oil properties, as well as naphthenic 
acid speciation.  Based on this information, a preliminary attempt to establish prediction 
guidelines for soaps, one of the major contributions in this thesis to the current knowledge 
of soap-forming systems, is presented. 
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CHAPTER 1 – INTRODUCTION. 
 
Abstract 
In this chapter the soap precipitation problem is presented within the context of flow assurance operations. An 
introduction to naphthenic acids, focusing on geochemistry, engineering and process implications is also 
developed. The main thesis objectives are outlined and a brief summary of remaining chapters is also 
included. 
 
1. 1. Soaps: the industrial perspective. 
Flow assurance is the area within exploration and production concerned with the 
identification, prevention and mitigation of any event that might hinder the normal 
production of hydrocarbons (McMullen, 2006). Resistance to the flow of hydrocarbons can 
usually be induced by hydraulic and/or thermodynamic events such as slugging or emulsion 
formation. It can also manifest as solid deposits in reservoirs, pipelines or surface 
equipment. Within this last class, a large number of both inorganic and organic deposits 
occur. Deposits form due to specific production chemistry (e.g. oil and produced water 
content), as well as process or environmental variations (e.g. change in temperature or 
pressure). Inorganic deposits are commonly known as scale and the two most representative 
types are calcium carbonate and barium sulphate. The basic precipitation mechanism for 
conventional scales is well-established (Mackay and Sorbie, 2000). Organic deposits 
comprise a variety of compounds that includes asphaltenes and waxes. The understanding 
of precipitation mechanisms for these flow assurance problems has developed considerably 
over the last 20 years. This has been due to advances in deposit characterisation (Rodgers et 
al., 2006), a better understanding of the effect of operational variables (Turner and Smith, 
2005) and the use of novel technology such as molecular modelling (Jiang et al., 2007) and 
quartz crystal microbalances (Chan et al., 2004). 
Soaps are a relatively new phenomenon in flow assurance. These are believed to form by 
the reaction between metal cations and particular crude oil components.  Their precipitation 
and deposition in the field may represent a severe drawback for operations because: 
- blockage of process equipment often requires shutdowns for remediation procedures,  
- costs must be incurred by the operator due the use of chemical products (inhibitors and/or 
dissolvers) and 
- loss of revenue as a consequence of interrupted oil production, or due to the recovery of 
crude oil below normal specification.   
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The understanding of the soap problem is of great practical significance given that many 
new exploration prospects are increasingly being developed in offshore deepwater 
operations, where unexpected mitigation costs could even jeopardise the future existence of 
the asset itself. In order to study the formation of soaps, a better understanding of 
naphthenic acids is also required. The next paragraphs will present a brief overview of these 
ubiquitous crude oil components. 
 
1.2. Naphthenic acids: introduction. 
It has been recognised for over a century that acids are present in a variety of diverse 
hydrocarbon sources such as crude oils and tar sands. A significant amount of work has 
been performed on these substances since Hell and Medinger first published their 
pioneering work in 1874 (Hell and Medinger, 1874). In 1883 Markownikoff recognised that 
acids present in crude oils from Azerbaijan contained the carboxyl group associated with 
carboxylic acids (opere citato in Kazanis, 1971). Since then, the term naphthenic acids has 
been used to account for all the acid species containing the carboxylic group in crude oils. 
Currently, the American Petroleum Institute definition of naphthenic acids includes 
structures with single and/or multiple fused cyclopentane and cyclohexane rings with a 
carboxylic group attached either to an aliphatic side chain or to a cycloaliphatic ring 
(American Petroleum Institute, 2003). Examples of these structures are illustrated in Figure 
1.1.  
 
 
 
 
 
 
Figure 1.1. Illustration of common naphthenic acid structures present in crude oils 
(Robbins, 1998). 
 
It has become common practice to represent naphthenic acids in crude oil by the following 
general formula: 
 
CnH2n+ZO2 
Equation 1.1. 
 
where, n is the carbon number and Z is the hydrogen deficiency. Z values can be 0 or a 
negative even integer. The value of Z reflects the loss of a hydrogen atom that occurs when 
R
C-OH
O
R
R C-OH
O
R
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a cycloaliphatic ring is present in the acid structure. Thus, Z = -2 is equivalent to an acid 
with one ring (mono-cyclic), Z = -4 is equivalent to an acid with two rings (bi-cyclic), etc. 
More than one isomer will typically exist for a given Z value and this makes the correct 
identification of naphthenic acid species very challenging. However, it is generally 
accepted that crude oil naphthenic acids on average have molecular weights between 200 
and 700 Daltons.  
There are other acidic components present in crude oil that do not contain the types of 
naphthenic acid structures shown in Figure 1.1. These include components with phenol, 
amide, and sulphur derivatives to name only a few (Meredith et al., 2000; Barth et al., 
2004). Acidic compounds in crude oil can also include more complex structures with up to 
13 rings, two, three and even four carboxylic acid groups (Tomczyk et al., 2001; Baugh et 
al., 2004) as well as acidic structures with many heteroatoms (i.e. S, SO, SO2, SO3, N, NO, 
NO2, N2O) (Robbins, 1998; Tomczyk et al., 1998 and 2001; Qian et al., 2001; Rudzinski et 
al., 2002). It is not known if these heteroatom species are a result of oxidation, thermal or 
biodegradation effects. Thus, the use of the terminology naphthenic acid comprises a wide 
variety of organic structures with unique chemical properties. In this thesis, the term 
naphthenic acid will be used to describe all organic acids containing the carboxylic group. 
The measurement of a crude oil’s acidic tendency is routinely carried out using total acid 
number assays (TAN). High TAN crude oils have been reported from many distinct 
geographical regions ranging from California, Mexico, Venezuela, the North Sea, West 
Africa and even the Far East and Russia (Robbins, 1998; Skippins et al., 2000; Sartori et 
al., 2001; Laredo et al., 2004). Common TAN values for crude oils fall between 0.1 and 10 
(Derungs, 1956; Sartori et al., 2001). However, crude oils with TAN greater than 0.5 are 
considered high enough to have process implications (Robbins, 1998). 
The exact origin of naphthenic acids and their implications in geochemistry have been the 
subject of much positive debate. Naphthenic acids are quite ubiquitous and can be found 
both in surface samples such as humic soil layers (Leenheer and Rostad, 2004) as well as in 
subsurface samples (Robbins, 1998). Figure 1.2 presents some examples of naphthenic acid 
structures identified in crude oils. 
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Figure 1.2. Naphthenic acid structures identified in crude oils. a) steroid-like acid, b) 
hopanoic acid, c) isoprenoid acid. 
 
There have been few attempts to correlate naphthenic acids present in crude oils with other 
geochemical information or even bulk crude oil properties. Cooper and Bray (1963) 
suggested that acyclic acids could be precursors of n-paraffins in crude oils, and the 
conversion could occur via loss of CO2. However, it was not until the work of Seifert et al. 
(1972) that the first carboxylic acids in crude oil had their structures confirmed and a clear 
link between steroid carboxylic acids and crude oil geochemistry was presented. Schmitter 
et al. (1978) were amongst the first to identify the relevance of hopanes-derived acids for 
petroleum geochemistry in particular for maturity correlations. They argued that the normal 
fatty acid patterns identified by gas chromatography (GC) did not give meaningful 
correlation data (when compared to n-alkanes). Jaffe et al. (1988) suggested naphthenic 
acids to be a result of geo-chromatographic processes and solubilization or washing effects, 
through which immature organic matter becomes incorporated into the oil through 
migration. Koike et al. (1992) also showed that traditional geochemical parameters were 
observed to correlate well with a reduction in low molecular weight acids in crude oil 
samples. The authors stated that acids were more sensitive to biodegradation and/or 
migration changes than hydrocarbons, and this would make their use in geochemical studies 
more relevant. Recently, hopanoic acids (carbon atoms between 30 and 32) have been 
shown to be present in high concentrations in severely biodegraded oils by Meredith et al. 
(2000). These authors used GC and gas chromatography mass spectrometry (GCMS) to 
compare hydrocarbon fractions with naphthenic acid fractions separated from crude oils. 
The GC spectra for these two classes of compounds showed an excellent match. Meredith 
et al. (2000) suggested two possibilities for the occurrence of the hopanoic acids: they 
could be a preserved signal of biodegradation heterogeneity within the field (before a 
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second charge of oil) or that they were due to processes other than biodegradation. 
Surprisingly certain non-degraded oils in the above-mentioned work had high TAN values, 
which suggested that other factors (e.g. sulphur content) might contribute to TAN. Barth et 
al. (2004) showed that naphthenic acids with molecular weight in the 300 to 500 Dalton 
range were predominant in biodegraded samples. Fan (1991) postulated the distribution of 
naphthenic acids in a crude oil could also be linked to the maturity of the sample. The 
author was able to show that acyclic acids were predominant in immature samples, and 
were said to originate from living organisms in recent organic sediments. Jones et al. 
(2001) also suggested that the relative higher amount of naphthenic acids in the 
biodegraded crude oil sample arose from newly formed species during reservoir processes. 
Two sources for the naphthenic acids were suggested: the incomplete oxidation of 
hydrocarbons, or, the lipid biomass of the microorganisms responsible for biodegradation 
itself. Gallup et al. (2005) identified a predominance of mono-carboxylic acids with carbon 
numbers between 16 and 34 in a soap emulsion-forming crude oil. The authors suggested 
they were derived from leaves of plants which contributed to the source rock of the oil 
(coal-derived with high pristane/phytane ratios). This was further confirmed by Gallup et 
al. (2007), where the analysis of a series of soap emulsion-forming crude oil samples was 
presented. Schouten et al. (2003) showed some data on core samples and compared the acid 
fraction with membrane lipid fraction from archaeal origin. There was a high abundance of 
hopanoic acids with carbon numbers of 32 and 33, as well as acyclic and cyclic acids. They 
suggested that certain acids are derived from the same archae organisms. The authors also 
postulated that acids could be either directly synthesised or be the product of 
biodegradation of the membrane lipids. Kim et al. (2005) analysed six oil samples and 
showed that the molecular weight distribution of polar compounds was greatly influenced 
by the level of biodegradation. In particular, the concentration of O2, SO and S2O species, 
increased with increasing biodegradation levels. As analytical hardware and tools develop, 
the exact role of naphthenic acid species in geochemistry and their true origin will become 
known, and their use in reservoir studies and flow assurance services will become common 
practice.  
The decrease in conventional crude oil supplies means that fields with increasingly high 
sulphur content, lower API gravity, high viscosity, high nitrogen content and higher 
naphthenic acid content are being developed. Acidic crude oil supplies will grow by almost 
two million barrels per day by the end of this decade (Williams, 2003).  These stocks are 
often known as opportunity crude oils. However, there are many process implications that 
arise because of the presence of naphthenic acids. Downstream, these organic compounds 
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tend to concentrate during crude oil distillation and most commonly reach a maximum level 
in the heavy gas-oil fractions (Turnbull et al., 1998). In refineries, their presence may lead 
to deactivation of catalytic beds, emulsions and corrosion (Cressman et al., 1995; Skippins 
et al., 2000). When alkalis are used for naphthenic acid treatment, organic acid salts or 
“soaps” are formed from the reaction of the metal cations and the naphthenate anions. 
These soaps remain mostly water-soluble and are treated in the stripper unit where the 
caustic stream is extracted with alcohol (to remove compounds which did not form soaps) 
and acidified (usually with sulphuric acid) to liberate the bound acids in the soap structures 
(Brient et al., 1995). Over long operational campaigns, soaps combine with other foulants 
and build up in desalter units. These can only be removed using mechanical intervention. 
Only a small fraction of the naphthenic acids recovered in refineries can be commercially 
used. These, however, have widespread applications in a number of industries. Crude oils 
with high naphthenic acid content are usually associated with naphthenic acid corrosion. As 
stated by Derungs (1956) this is an old enemy of the petroleum industry, observed since the 
1920’s. It is believed that the most important variables that contribute towards this are: 
TAN, acid distribution, sulphur content, temperature, fluid rates, metallurgy, equipment 
design and crude oil blends (Babaian-Kibala, 1994; Johnson et al., 2002). The use of a 
technology to remove naphthenic acids from crude oils would provide many benefits for the 
processing of the parent hydrocarbons. Published accounts of commercial implementation 
of the naphthenic acid removal technologies on larger scales have not been found in the 
open literature. Naphthenic acids have also been identified as the main source of toxicity in 
refinery effluents for fish (Wong et al., 1996). More importantly, naphthenic acids are 
suspected to be endocrine disrupting agents (Headley et al., 2002). As higher resolution 
techniques are developed for the study of naphthenic acids it is hoped that a better 
understanding of the processes and implications due to naphthenic acids in hydrocarbons 
will become available. 
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1.3. Concluding remarks and thesis outline. 
A number of gaps currently exist in understanding naphthenic acids in the petroleum and 
processes industries and this in turn is observed in the current lack of detailed knowledge of 
soap precipitation processes in oilfield operations. Few attempts have been made to analyse 
soaps as well as their parent naphthenic acids, under controlled conditions in the laboratory. 
Undertaking such a study would greatly aid in the development of a unified soap 
precipitation/prediction model, at present not known to be available in the open literature. 
Formation of soaps under laboratory conditions has also been limited and not used to 
explain field precipitation cases. Thus, the underlying mechanisms of soap formation have 
not been studied in the controlled environment of the laboratory.  The role of specific crude 
oil components (e.g. naphthenic acids) in soap formation is also still unclear. This thesis 
will attempt to address the following issues: 
- analysis of field soaps and their parent naphthenic acids with a view of obtaining more 
information of chemical structures and physical chemistry, 
- soap formation in the laboratory and effect of the precipitation mechanisms, 
- the role of crude oil components and water chemistry.  
To this end, the thesis is divided into 9 chapters, as follows: Chapter 2 presents the 
literature review on the occurrence of soaps in the field as well as naphthenic acid phase 
behaviour and characterisation. Chapter 3 outlines the experimental strategy and 
methodologies specifically designed for use in analysing field soap samples. Chapter 4 is 
concerned with the results of the analysis of field soaps, and this includes a field 
precipitation case. The work undertaken in Chapter 5 presents the analytical tests to study 
the formation of soaps in the laboratory using a range of feeds. In Chapter 6 experimental 
results from the formation of laboratory soaps are presented which include model 
naphthenic acid solutions, indigenous naphthenic acids, as well as soap-forming crude oil 
samples. Chapter 7 discusses attempts to predict the naphthenic acid behaviour in oil-water 
systems using experiments and modelling. In Chapter 8 results of measurements on soap-
forming crude oils and attempts to establish soap prediction guidelines are explained. 
Chapter 9 presents the thesis conclusions and recommendations. Finally, the references 
used in the thesis are listed.  
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CHAPTER 2 – LITERATURE REVIEW. 
 
 Abstract  
The formation of naphthenic acid soaps is covered in detail in this chapter by using both field precipitation 
cases as well as more fundamental mechanistic studies from the literature. Special emphasis is given to the 
characterisation of naphthenic acids. The main information obtained here was organised and used as input in 
planning the remaining thesis chapters. 
 
2.1. Naphthenic acid soaps in crude oil production. 
A less publicised effect of naphthenic acids is the formation of soaps during crude oil 
production, and this is the main topic of this thesis. Within the area of flow assurance, 
operational problems with naphthenic acid soaps were first reported in the open literature in 
the mid 1990’s (Vindstad et al., 2003). It is very possible however, that soaps were formed 
in the oilfield before this date but were classified as other flow assurance deposits (Smith 
and Turner, 2004). In contrast to the soluble soaps that form downstream in refineries, 
soaps that occur during crude oil production can form rock-hard solid deposits. As a 
consequence they can lead to fouling and plugging of equipment such as heat exchangers, 
desalters, separator internals, sand cleaning systems, hydrocyclones, valves and pumps, in 
both the oil and water legs (Vindstad el al., 2003; Smith, 2004; Pearson, 2004; Turner and 
Smith, 2005; Ubbels and Turner, 2005). There have also been reports of soap deposition 
leading to loss of process control due to blockage of level transmitters, valves and low 
pressure knock-out drums, resulting in unplanned shutdowns (Vindstad et al., 2003). 
Certain types of soaps are also known to enhance the stability of emulsions which results in 
reduced production rates due to increased fluid viscosity (Turner and Smith, 2005). 
Increased viscosity can lead to entrainment of oil, water and solids, and may result in the 
formation of sludges in storage tanks (Gallup et al., 2002). In severe cases, up to 20 vol% 
of total produced fluids can be composed of sludges. Soaps also cause a deterioration of 
discharge water and export oil quality (Vindstad et al., 2003).  Entrained cations (e.g. 
calcium) in crude oils from soaps can also affect the final market price of hydrocarbons in 
the export line and in refineries (Turner and Smith, 2005).  
In field conditions the amount of soaps formed may be typically small, e.g. 10 mg solid /l 
of crude oil (Smith and Turner, 2004). This quantity may appear insignificant, but the flow 
assurance problem must be viewed as a cumulative effect (Vindstad et al., 2003; Pearson 
2004). As more oilfield production with crude oils having higher naphthenic acid content 
shifts towards deepwater fields employing subsea equipment (e.g. separators), the 
occurrence of soaps will have an increasing impact, and their prediction will become of 
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prime importance. As a consequence, several research groups have focused their attention 
on the scientific fundamentals underlying the formation of these soaps (Rousseau et al., 
2001; Havre, 2002; Dyer et al., 2003; Ese and Kilpatrick, 2004; Brandal et al., 2004; Baugh 
et al., 2004, 2005a and 2005b; Brocart et al., 2005; Brandal, 2005; Turner and Smith, 2005; 
Lutnaes et al., 2006; Dyer et al., 2006, Smith et al., 2007). Most of these references were 
published in parallel to the work in the present thesis and they are reviewed next.    
 
2.1.1. Conventional mechanism for soap formation. 
The main factors believed to play a role in soap formation can be divided into flow 
assurance/production chemistry issues (e.g. crude oil composition, produced water pH) and 
operational parameters (e.g. pressure, temperature, co-mingling of fluids, shear, water-cut 
and electrostatic fields, Turner and Smith, 2005). The most important drivers are reviewed 
and discussed in the following section.  However, the conventional view of how soaps are 
thought to form will be examined first. The assumed mechanism of soap formation is 
thought to be dependent on pH variations that occur during the production of crude oil, for 
example, as described by Rousseau et al., (2001).  Carbon dioxide (CO2) contained in 
formation fluids in the reservoir controls the system pH. The solubility of CO2 in water 
decreases with decreasing pressure. Pressure drops are encountered during the flow from 
reservoir to surface conditions and are necessary to ensure separation of oil (or condensate), 
gas and water. As CO2 is released from solution, the pH of the produced water increases. 
The naphthenic acids collect at the oil-water interface since the main part of the molecules 
is hydrophobic, while the carboxylic acid group is hydrophilic. As pH increases naphthenic 
acids become deprotonated at values above the dissociation constant (pKa). The pKa is the 
constant used to distinguish the pH at which 50 mol% of a specific naphthenic acid is 
dissociated. The ionised naphthenic acids may react with cations from the produced water 
(calcium Ca2+ and/or sodium Na+) at the oil-water interface to form soaps. Equations 2.1, 
2.2 and 2.3 summarise what is believed to be the basic mechanism. 
 
CO2 + H2O = HCO3- + H+ 
Equation 2.1 
HA = H+ + A- 
Equation 2.2 
A- + Ca2+ or Na- = CaA2 or NaA 
Equation 2.3 
 
where HCO3- represents the bicarbonate ions in the produced water, HA represents a 
general naphthenic acid molecule and A- represents the dissociated naphthenate anion. 
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From the mechanism outlined above, it would appear that the formation of soaps in the 
field should be both pressure dependent (which would have a direct effect on pH) and 
composition dependent (e.g. the variety of naphthenic acids present in the crude oil). 
Pressure and composition dependency are common in other flow assurance phenomena: for 
example, calcium carbonate precipitation, which is mostly a water-based problem, and 
asphaltene precipitation, which is a hydrocarbon-based problem (Zhang et al., 2001; Idem 
and Ibrahim, 2002).   
Based on the simple mechanism presented in equations 2.1 to 2.3, attempts have been made 
to obtain soaps under laboratory conditions (Rousseau et al., 2001; Havre, 2002; Dyer et 
al., 2003; Mediaas et al., 2005; Dyer et al., 2006).  Both static and dynamic tests have been 
performed in which the pH change trigger for soap formation has been obtained using 
either alkaline addition (Dyer at al., 2003), saturated CO2 solutions (Mediaas et al., 2005), 
or through shear and flow over valves (Dyer et al., 2006). Formation of soaps in the 
laboratory would be very useful to support prediction models for application in field 
systems.  This goal may be very ambitious since many crude oils which contain naphthenic 
acids often have hundreds or even thousands of such components (Tomczyk et al., 2001). It 
is thought that current commercial scale thermodynamic pressure-volume-temperature 
(PVT) models do not include the precipitation of naphthenic acid soaps in their 
thermodynamic libraries. Clearly including all crude oil naphthenic acid in a predictive 
model would be practically impossible since the relative molar concentrations and 
properties of most of these acids are rarely known and vary considerably from one crude oil 
sample to another. For a realistic model to be developed, the phase behaviour of naphthenic 
acids and soaps needs to be better understood. A pseudo-component approach has been 
used in an attempt to model this behaviour. The model was first conceived by Ken Sorbie 
(Sorbie et al., 2004) and was validated and further developed by supporting experiments, 
which will be discussed in more detail in Chapter 7. 
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2.1.2. Detailed review of mechanisms of soap formation. 
Crude oil composition. 
The acidic tendencies for a crude oil have traditionally been evaluated using TAN 
measurements as mentioned in Chapter 1. Figure 2.1 shows TAN values from the literature 
(Meredith et al., 2000) for a number of crude oils plotted against their naphthenic acid 
concentrations (obtained by various analytical techniques such as gas chromatography and 
gas chromatography mass spectrometry). The straight line on the graph represents a 
theoretical naphthenic acid concentration which would be equivalent to the TAN of the 
crude oils. It is observed that there is some correlation between TAN and naphthenic acid 
concentration for these fields. Despite this, the measured naphthenic acid concentrations are 
not close to the expected value, as illustrated by the straight line, particularly for TAN 
values above 1. This is because TAN is an average value arising from all the acidic 
components in the crude oil (e.g. CO2, H2S, phenols) not just naphthenic acids. No 
information can be obtained from the TAN method in regards to precise naphthenic acid 
species found in the crude oils (Qian et al., 2001). This makes the speciation of acidic 
moieties very challenging. 
 
Figure 2.1. Naphthenic acid concentration in crude oils, HA (ppm), as a function of TAN 
from the same crude oils (Meredith et al., 2000). Points represent samples from different 
geographical locations such as the North Sea and Mediterranean fields. The straight line is 
the theoretical predicted HA concentration, if TAN were a function of HA only. 
 
Much of the initial work on soaps focused on the relationship between TAN and soap 
formation, where TAN was thought to be a predictor of soap formation. It was shown that 
for wells from the same soap-forming field, TAN was a function of both API gravity and 
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wax content of the parent crude oil (Rousseau et al., 2001; Hurtevent, 2004). However, 
specific naphthenic acid content has been linked to source rock maturation and/or 
biodegradation which is not at present used for soap prediction purposes (Meredith et al., 
2000). Thus TAN would be of little use in fingerprinting soap-forming crude oils. 
Therefore, the study of more specific crude oil components has driven soap research in 
more recent work. 
 
Specific naphthenic acid components in crude oils. 
Until as recently as 1955 only two naphthenic acids with as many as ten carbon atoms had 
been identified from hydrocarbon sources (Brient et al., 1995). The first naphthenic acids 
identified were acyclic species, including isoprenoid structures with between fourteen to 
twenty carbon atoms. This is most likely due to acid separation and identification hardware, 
which has vastly improved over the last fifty years (Cason and Graham, 1965). The 
separation of naphthenic acids from their bulk parent sources has been reported by Cason 
and Graham (1965), Seifert and Howels (1969) and Tomczyk et al., (2001) using liquid and 
solid phase extractions. A number of authors have employed alkaline solutions for the 
extraction of naphthenic acids (Hoeiland et al., 2001; Tomczyk et al., 2001; Barth et al., 
2004), a disadvantage of which is the formation of emulsions. In addition, if naphthenic 
acids are complexed in crude oils, they may not be removed by contact with an alkaline 
system. Barth et al., (2004) have reported low naphthenic acid recoveries (29 to 57 wt%) 
from crude oils using alkaline extraction methods. Long contact times might also be 
required for efficient acid extraction (Saab et al., 2005). Solid extraction media have been 
tested using a wide range of materials including zeolites, clays, aluminosilicates, silica gel, 
granulated activated carbon, and ion exchange resins (Wong et al., 1996; Gaikar and Maiti, 
1996; Acevedo et al., 1999; Mediaas et al., 2003; Campos et al., 2006). Resins may affect 
the identification of particular naphthenic acid structures because of their retention 
properties. In particular, acid-eluent-column interactions, the presence of functional groups 
in the matrix, electronic charges, eluent concentrations, ion exchange capacity and pH may 
affect the overall resin performance (Hajos and Nagy, 1998; Headley et al., 2002). The 
adsorption of naphthenic acids appears to be strongly dependent on the polymeric backbone 
on the functional group and less on the ion exchange capacity of the resin (Gaikar and 
Maiti, 1996). Hajos and Nagy (1998) have shown a number of interesting effects of ion 
exchange chromatography and carboxylic acids: mono-carboxylic anions elute before bi-
carboxylic anions. Increased solute charges lead to increased capacity charges and retention 
behaviour depends on the exact position of the carboxyl group.  
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Most of the characterisation of naphthenic acids from multicomponent sources has been 
carried out using mass spectrometry (MS). One of the major challenges when using MS is 
sample fragmentation, which is an unwanted by-product of ionisation. If the sample 
containing the naphthenic acids has low volatility, as is the case of crude oils, it may be 
possible to prepare a suitable naphthenic acid derivative to aid in molecular ion 
determination. Derivatization may be carried out using a number of chemicals (Cason and 
Graham, 1965; St John et al., 1998; Jones et al., 2001). A constant feature of certain 
derivatization procedures is the poor recovery of the high molecular weight naphthenic acid 
components (Meredith et al., 2000). There are at present a very limited number of studies 
looking at comparative derivatization effects for naphthenic acids (Jones et al., 2001).  In 
addition, most of the MS sources used for the analysis of naphthenic acids have been soft 
ionisation varieties. These include fast ion bombardment (FAB), electrospray (ES) and 
atmospheric pressure chemical ionisation (APCI). These have been used due to their 
tendency for low fragmentation (Fan 1991; Hsu et al., 1998; Rogers et al., 2002; Headley et 
al., 2002). Direct comparisons of the effects of different ionisation sources on naphthenic 
acid studies are still required since they may affect fingerprinting of feeds. 
The first reported work on the analysis of soap-forming crude oils in the oil industry dates 
from 2001 (Rousseau et al., 2001). However, it was not until two years later that specific 
naphthenic acid components in both soap-forming crude oils and soaps were first identified 
in detail. Barrow, 2003 (opere citato in Hurtevent, 2004) used Fourier-Transform ion 
cyclotron resonance mass spectrometry (FTICRMS) to quantify the distribution of 
naphthenic acids in a range of soap-forming crude oils.  His results showed that these crude 
oils contained species with mass-to-charge (m/z) ratios between 300 and 700 and with a 
predominance of hydrogen deficiency (Z values) of -2, -4 and -6 (the equivalent of species 
with one, two and three rings respectively). However, naphthenic acids with Z values 
between 0 to -24, and number of carbon atoms ranging from eighteen to forth eight were 
also identified.  An unusual group of acids was present at m/z 1240, at high intensities for 
one of the samples, but this was not commented on. No discussions were presented over the 
relative importance of naphthenic acid species in the crude oils for soap formation. The 
pioneering work of Baugh et al. (2004) continued to investigate specific acid species 
present in calcium soap deposits. These authors studied both a soap-forming crude oil and 
field soap deposit from a North Sea location using a variety of techniques. TAN analysis on 
both crude oil and the naphthenic acids extracted from the soap resulted in the 
determination of average molecular weight for naphthenic acids between 330 and 430 
Daltons. This was consistent with the results of Vindstad et al., (2003). Somewhat 
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surprising results were obtained however from the analysis of the soap sample using liquid 
chromatography mass spectrometry (LCMS) by Baugh et al. (2004), which indicated that 
the soaps were in fact composed of two different groups of naphthenic acids: a lower 
molecular weight group with maximum m/z values close to 325 as well as a higher 
molecular weight group with m/z values close to 1230. MS settings did not however allow 
for a direct comparison of intensities of the low and high molecular weight groups.  It was 
claimed that structures with four carboxylic acids would be present, and this was justified 
by vapour pressure osmmometry (VPO) and MS results. Both of these techniques resulted 
in molecular weight values for the naphthenic acids in the deposits of 1230 Daltons, which 
were higher than the value given by TAN measurements (since the latter technique cannot 
distinguish different carboxylic groups in the same sample). Moreover, it was also claimed 
that the group of acids around with 1230 Daltons was the predominant naphthenic acid 
group in the soap, though clearly more experimental data was needed to support this. These 
conclusions were mostly based on the analytical sequence of techniques applied to the 
naphthenic acid in the soap deposits: acid extraction using ion exchange, followed by 
derivatization with BF3/methanol, liquid chromatography and ionisation with an 
atmospheric pressure photo ionisation (APPI) source in MS. The significance of this 
sequence of techniques is important because some of these are known to have different 
yields as a function of naphthenic acid structure (Jones et al., 2001). For instance, no 
comments were made in regards to favourable ionisation of particular acid species during 
the MS parts of the experiments. No sensitivity studies were provided on the effect of these 
different analytical steps. Some of these issues will be addressed in this thesis. 
Nevertheless, an empirical formula, based on the analytical results for the high molecular 
weight naphthenic acids at m/z 1230 was proposed by Baugh et al. (2004). This was C80-
81H142-130O8, and the naphthenic acid was given the name Arn (meaning Eagle in 
Norwegian). In further studies, Baugh et al. (2005a) analysed soaps using FTICRMS, 2D-
nuclear magnetic resonance (NMR), titrations and pyrolysis mass spectrometry. The 
authors reported the precise molecular weight of the Arn species together with certain 
initial information on the possible molecular structures. Again this work was carried out on 
the derivatized naphthenic acids extracted from the deposit. The Arn were said to have a 
predominant molecular weight of 1230 Daltons, and composed mostly of cycloaliphatic 
species (no aromatic or alkene functions were suggested to be present). Work indicated that 
the basic Arn unit (see Figure 2.2) consisted of four or more methylene groups, and that the 
carboxylic function was in a side chain attached to a ring structure. The carboxyl species 
within the Arn structure were shown to be equivalent in acid strength using titration 
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experiments.  An illustration of a possible Arn structure, based on the 2D NMR of the 
naphthenic acid derivatives obtained from a field soap from Baugh et al. (2005b) is shown 
in Figure 2.2. Lutnaes et al. (2006) carried out an extensive characterisation of the Arn acid 
present in a soap sample from a North Sea field. The authors were able to establish a more 
precise structure of the Arn species, and suggested the predominant component within the 
Arn family would be composed of six rings. They also speculated that the acid would be of 
biological archaeal origin and suggested a few kinetic routes for Arn formation. An 
illustration of the structures proposed by the previous authors is shown in Figure 2.3. All 
the analysis of the acids was carried out using the same extraction and derivatization 
procedures employed by Baugh et al. (2005a). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.  Proposed most likely structure of Arn acid based on results by Baugh et al., 
2005b. The Arn unit represents the hydrocarbon skeleton and the single carboxylic acid 
attached to a side chain, in turn attached to a cycloaliphatic ring. 
Figure 2.3.  Proposed predominant structure of Arn acid  (Lutnaes et al., 2006).  
 
Smith et al. (2007) have also identified additional Arn analogues with eighty one and eighty 
two carbon atoms, containing seven and eight rings during the analysis of two field soap 
deposits. The authors speculated that the relative distributions of the acids would be due to 
distinct reservoirs and growth temperature of the bacteria from which they originated. An 
example of one structure assigned by the previous authors appears in Figure 2.4. 
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The exact structures of Arn and their relative importance in the occurrence of soap deposits 
is subject to much debate. To the present date, no studies have been reported on the 
relationship between Arn and low molecular weight naphthenic acid species in the soap-
forming crude oils or the impact of these on soap deposition.   
Figure 2.4.  One of the Arn structures proposed by Smith et al. (2007).  
 
In addition, Baugh et al. (2005a) stated that the Arn species needed to be present in the 
parent crude oil in order for soap to form, however the reasoning behind this was not 
explained. Brocart et al. (2005) performed an analysis of Arn acids extracted from various 
crude oils using a number of techniques including ion exchange and liquid extraction 
followed by LCMS. The authors claimed that Arn is present in soap-forming crude oils, 
typically in the ppm range, yet they did not comment on limit of detection. Mediaas et al. 
(2005) on the other hand suggested that Arn could be detected in crude oils using LCMS 
down to concentrations of 3 ppm.  Brocart et al. (2005) noted that despite identifying Arn 
in a number of crude oils, not all of these were soap-forming under field conditions. In 
other words, the presence of Arn in crude oils would not be sufficient to lead to a soap 
deposition problem. Thus it was concluded that Arn in combination with operational 
variables were responsible for the formation of soaps in the field. This information will be 
revisited further in experimental results described in Chapters 6 and 8. Brandal, (2005) 
analysed soap deposits from a West African field using NMR, FTICRMS and Fourier-
Transform infrared (FTIR). The NMR spectrum of the fraction isolated from the deposit 
showed a single peak in the carboxylic acid region, well-resolved peaks in the aliphatic 
region but no indication of aromatic carbons, which is consistent with the work of Baugh et 
al. (2005a). Brandal, (2005) also showed that Arn were the dominant species in the mass 
spectrum of the naphthenic acids from the soap deposit, although the spectrum for the lower 
molecular weight naphthenic acids was not shown for comparison. The author also 
suggested that Arn would have the potential to form polymer-like structures in with the 
presence of multivalent cations. This would be the direct result of the presence of the four 
carboxylic groups, which could then lead, in turn, to the formation of networks at the oil-
water interface. Langmuir film measurements were presented by the same author which 
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might support this hypothesis. The occurrence of networks composed of Arn and cations 
was also supported by Brocart et al. (2005) by thermal analysis results. 
Gallup et al. (2002, 2004 and 2005) analysed the composition of soaps, as well as soap-
forming crude oils from Asian fields using techniques such as FTIR, NMR and gas 
chromatography mass spectroscopy (GCMS). It was surprising that they identified 
predominantly acyclic species in these field soaps. These consisted of mostly fatty acids 
containing between twenty eight and thirty carbon atoms, and molecular weights between 
396 and 452 Daltons. They also analysed the soaps using ES and these measurements 
confirmed the previously reported predominance of acyclic species. The selectivity of these 
acyclic naphthenic acids towards soap formation has not been explained to date. Data from 
Gallup et al. (2005) also shows the wax content of the parent soap-forming crude oils to be 
above 5 wt%, and indicated that the deposits formed with a large quantity of entrained wax 
solids. It is not clear if the soaps behaved as binding agents for the wax and what the exact 
interaction between the two flow assurance issues might be.  
The literature review presented in this chapter led to the development of a hypothesis to be 
explored in this thesis that one of the possible factors important in soap deposition could be 
the properties of Arn naphthenic acids in relation to non-Arn naphthenic acid species in a 
specific crude oil. Experiments were conducted in this thesis to evaluate this, the results of 
which are presented in Chapter 6. 
Another specific observation in some soap-forming crude oils is the dramatic increase in 
cation content during production. The concentration of calcium ions in particular crude oils 
has been shown to reach very high levels of between 250 and 1000 ppm (Smith and Turner, 
2004; Weers and Bieber, 2005). Ramstad, (2001) showed data from a North Sea crude oil 
where an increase in calcium content in the crude oil occurred with increase in water 
breakthrough. In this field, the naphthenic acid content of the crude oil remained constant 
while calcium content increased. This could also suggest that the naphthenic acids in the 
crude oil are becoming bound/complexed to calcium ions present in dispersed produced 
water which is entrained in the oil. It is understood that high calcium content in crude oils 
are a result of complexed oil-soluble soaps dissolved in the crude oil which result from 
bound naphthenic acids and calcium ions (which do not precipitate), as opposed to less oil-
soluble soaps at the oil-water interface (which may have the potential to precipitate). This 
information implies that soaps may form from a range of naphthenic acid species: low 
molecular weight as well as high molecular weight. This hypothesis could also support the 
anecdotal evidence of formation of soaps downhole which do not precipitate as solids 
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(Smith and Turner, 2004). However, a definite scientific investigation of this (e.g. 
monitoring of calcium content in produced and virgin crude oils) is still to be presented. 
There is therefore a clear need to distinguish the correct naphthenic acid species responsible 
for the different soap varieties: the Arn-containing soaps, the fatty acid soaps as well as the 
bound soaps in high calcium content crudes. This was one of the current gaps not available 
in the literature of soap-formation systems in exploration and production, during the course 
of this thesis. 
 
Produced water chemistry – pH. 
As described in the conventional mechanism for soap deposition (Section 2.1.1), pH plays a 
central role. This variable depends on pressure and the coupled carbonate/brine chemistry, 
i.e. CO2/cations/HCO3- (Rousseau et al., 2001). At higher downhole pressures where pH is 
often low, the majority of naphthenic acids are not ionised in the crude oil. However as the 
pH rises during production, naphthenic acid partitioning and dissociation is enhanced, and 
soap formation and deposition occurs. This has been reported at pH values above 6 for 
calcium-rich soaps (Rousseau et al., 2001; Goldszal et al., 2002; Turner and Smith, 2005).  
In contrast, sodium-rich soaps are suggested to occur at slightly higher pH, at or above 7 
(Gallup et al., 2005; Turner and Smith, 2005). The reasons for this discrepancy are 
probably a combination of issues such as the predominant naphthenic acid species and the 
relative solubility of soaps. These reflect either a majority of calcium or sodium cations 
combined with the presence of bicarbonate ions in the produced water. pH changes 
observed during soap formation may also be associated with the carbonate scale deposition 
mechanism. Rousseau et al. (2001) and Goldszal et al. (2002) have reported the possibility 
of mixed calcium carbonate and calcium soap deposits occurring in the field. This would 
imply competing kinetics between the bicarbonate and the naphthenate anions for the 
calcium ion. No compositional results of such mixed deposits have been reported in the 
literature. Rousseau et al. (2001) also suggested that the bicarbonate ion content is the 
critical kinetic variable responsible for the competition between carbonate or soap 
precipitation. It is widely known that bicarbonate ions can behave as pH buffers, and this 
could affect the balance of carbonate or soap species during production. The pH decrease 
observed after the precipitation of soaps from produced waters without bicarbonate ions, 
would prevent further soap formation due to diminished naphthenic acid partitioning. In the 
presence of bicarbonate ions, the formation of soap would be enhanced, due to pH being 
maintained at constant high values. The importance of bicarbonate ions in soap formation 
has been further demonstrated by Rousseau et al. (2001), who showed that these ions were 
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the limiting reagent in soap formation for a number of West African fields. The authors 
studied crudes and produced waters from soap-forming systems and correlated the amount 
of bicarbonate ions required to maintain critical pH values, based on the concentration of 
naphthenic acids in the parent crude oils. Surprisingly, the concentration of calcium ions in 
the produced water was shown not to be the limiting reagent, and thus claimed not to be 
affecting soap formation. Definite evidence of bicarbonate ion influence on soaps from 
other geographical locations is still to be presented.  
 
Produced water chemistry – cation content. 
As described above, most soap deposits in the field has been shown to contain 
predominantly divalent calcium ions. However, in certain cases, soap deposits contain 
mainly monovalent ions such as sodium or potassium (Gallup et al., 2002; Turner and 
Smith, 2005). Turner and Smith (2005) have suggested that these comprise two defined 
varieties of soaps, or end-member cases, and have adopted the following definition: 
calcium-rich soaps are calcium naphthenate soap scales, and sodium-rich soaps are sodium 
carboxylate soap emulsions. This terminology is used hereafter in this thesis. These two 
varieties of soap have very different properties as will be described in the following 
paragraphs.  
Calcium naphthenate soap scales have been shown to occur as separate phases at the oil-
water interface (Vindstad et al., 2003; Mediaas et al., 2005). It has been suggested that 
these soaps contain a range of naphthenic acid species and possibly a predominant amount 
of Arn (Baugh et al., 2004; Baugh et al., 2005a and 2005b; Mediaas et al., 2005). These 
soaps are observed as sticky soft pads at separator conditions, but solidify rapidly to rock-
like hardness when exposed to ambient pressure and temperature (Pearson, 2004). This 
phenomenon is not fully understood, but is speculated be the product of oxidation (Smith 
and Turner, 2004). Vindstad et al., (2003) used elemental analysis to study calcium 
naphthenate soap scales. It was found that the soap contained 2.6 wt% calcium with lower 
concentrations of barium, sodium, silica, and sulphur atoms. This type of soap has also 
been suggested to occur in conjunction with a number of other solids (i.e. sand, inorganic 
scale, waxes and asphaltenes) and also precipitate at the bottom of vessels (Vindstad et al., 
2003). It is useful to visualise naphthenates as binding agents for other solids, as well as 
solids in their own right (Turner and Smith, 2005).  As stated before, it has been suggested 
that Arn are the predominant naphthenic acid species in these soaps. Because of the 
proposed four carboxyl groups in the Arn structure, and the fact that calcium is a divalent 
cation, the Arn species could be bound to one or even four different calcium ions forming a 
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sticky network. Thus an empirical formula for the calcium naphthenate soap scale may be 
difficult to determine with accuracy, despite the claims of Baugh et al. (2005a).  The types 
of crudes where soap scales are usually observed comprise medium to high TAN oils, but 
there are exceptions, and crudes with TAN values of 0.5 have been shown to form calcium 
naphthenate soap scales.  
Sodium carboxylate soap emulsions have been shown to consist of predominantly fatty 
acids (Gallup et al., 2004; Turner and Smith, 2005). These are seen as ultra-stable viscous 
emulsions with incorporated materials such as paraffins, barite and clays (Gallup et al., 
2002). These soaps do not harden on exposure to air, but can consist of up to 10 vol% of the 
total fluid content (Turner and Smith, 2005). Gallup et al., (2002) suggested 5 wt% of 
minerals in the production fluids would be sufficient to generate a viscous sludge from the 
soap emulsion. This suggests that the soap emulsion is also either stabilised by solid 
particles, or is itself a binding agent for other solid materials. Gallup et al., (2005) analysed 
sludge resulting from a sodium carboxylate soap emulsion pad using a number of 
techniques. The authors suggested an empirical formula for the sodium soap, C38H78O4Na, 
which would require the presence of a fatty acid containing thirty eight carbon atoms. 
These soaps have been linked to reduced production rates and may be deposited as sludges 
in storage tanks leading to less oil storage capacity. Soap sludges were analysed by X-ray 
diffraction (XRD) and energy dispersive X-ray (EDAX) by Gallup et al. (2002). The 
sludges were seen to be amorphous matrices composed of 50 wt% oil and 20 wt% sodium 
salts of linear fatty acids with between twenty eight and thirty carbon atoms. Crude oils 
normally associated with his type of soap have low TAN. In regards to fields which have 
high calcium content crude, no information is available in the literature detailing the precise 
associated water chemistry. In this thesis, the term bound soap scale will be used to 
describe this type of soap occurrence and further analysis of these systems will be presented 
in Chapter 8.  
It can be concluded that the reported field soap varieties appear to be a function of both 
naphthenic acid types and formation water cations. A challenge for anyone attempting to 
predict soap problems from crude oil and cation data would be the possibility of a field 
initially having one soap problem (i.e. soap scale), but later in production life a different 
issue altogether (soap emulsion). In this case, the water composition as well as the 
naphthenic acid content of crude oils for the particular field would have to be surveyed over 
the entire life of the field for correct predictions.  This information was used in this thesis to 
plan soap formation experiments in laboratory conditions (Chapter 5). 
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Produced water chemistry – bicarbonate content.   
Gallup et al. (2002) have suggested that bicarbonate ions may be present in sodium 
carboxylate soap emulsions as complexes consisting of monovalent cations bound through 
hydrogen bonds of the carboxyl groups of fatty acids present in the crude oil. For soap 
emulsion-forming fields, Gallup et al. (2005) suggested that the high concentration of 
bicarbonate and CO2 in the parent fluids would be a result of the de-carboxylation of the 
fatty acids present in the oil. If the complexation of the bicarbonate does occur then a 
possible structure for this molecular arrangement might be the proposed structure in Figure 
2.5.   
 
 
Figure 2.5.  Sodium carboxylate soap emulsion structure proposed by Gallup et al., 2004. 
 
Clearly if the occurrence of the complex structure in Figure 2.5 can be proved, then the 
presence of bicarbonate ions would play a dual role in the mechanism for these soap 
emulsions: pH control as well as a complexing agent. Some of the experiments which have 
been designed in this thesis investigated the possible occurrence of the complex species 
suggested by Gallup et al. (2004). Figure 2.5 also shows that layers of paraffins are 
positioned adjacent to the fatty acid chain in the oil phase of the soap emulsion systems. 
The exact role of paraffins is however unclear but it is very possible they contribute 
towards emulsion stability, or changes in emulsion viscosity below the pour point of the 
crude oils. 
 
Physical parameters – temperature, shear and electric fields. 
The effects of various physical and operational parameters on soap formation, as well as 
possible mitigation options have been detailed by Turner and Smith, (2005). Temperature 
has been shown to be a key physical parameter in soap formation. Evidence of enhanced 
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soap generation at higher temperatures in heaters (50 to 80 °C) has been observed for both 
soap scales and soap emulsions. Gallup et al. (2004) reported that temperature differences 
from offshore pipelines to land terminals (between 80 ºC to ambient) influenced the 
precipitation of the soap emulsion as sludge. The detailed mechanism of how temperature 
affects soap formation is not understood. Thus it is not known whether temperature affects 
the kinetics of soap formation and/or the thermodynamic behaviour of naphthenic acids or 
waxes in solution. Shear has a major impact on soap formation in the field (Turner and 
Smith, 2005), particularly for soap emulsions. This is especially true for fluids flowing 
across electric submersible pumps and through certain topside components. The effect of 
shear is to produce smaller water droplets that provide larger interfacial areas, which in 
turn, could lead to a more stable emulsion, and also encourage more soap formation. For a 
detailed review on the effects of shear on emulsion behaviour in the petroleum industry, the 
reader is referred to Petex (1990). Water cut has also been observed to influence the 
occurrence of soaps, although the precise mechanism for this is not known (Turner and 
Smith, 2005). During the course of this thesis, evidence has been obtained that supports the 
idea that this effect might be due to the balance of water-soluble/oil-soluble soaps, or a 
balance between the more water-soluble naphthenic acids and acids which are sparingly 
soluble in water. Soap emulsions have also been observed to agglomerate and deposit at 
faster rates under the influence of electric fields, as found in electrostatic coalescers (Turner 
and Smith, 2005). This could be an indication of the water-in-oil emulsion nature of these 
soap types, but no information was available to confirm this prior to the work in this thesis. 
The effect of shear was specifically taken into account when planning the best strategy for 
the analysis and formation of soaps in the laboratory. This is described in detail in Chapter 
5. 
 
2.2. Naphthenic acid chemistry, phase behaviour: possible factors in soap deposition? 
It is widely accepted that naphthenic acid chemistry has not been the subject of extensive 
published research. Single commercial naphthenic acids and acid mixtures are either solids 
or liquids with molecular weights ranging from 100 to 400 Daltons (Brient et al., 1995).  
As would be expected from their structure, naphthenic acids have polarity, and thus can 
form hydrogen bonds with each other. These strong hydrogen bonds result in a range of 
specific properties, including, for instance, high boiling points. Naphthenic acid behaviour 
in an oil-water system is governed by the oil-water partition coefficient (Kow), given by 
Equation 2.4. and the dissociation constant (Ka) given by Equation 2.5,  
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Equation 2.4.       Equation 2.5. 
 
where HA and A- represent a generic undissociated naphthenic acid and the dissociated acid 
or naphthenate anion respectively, the subscripts w and o, the water and oil phases. The Kow 
and the Ka  for naphthenic acids are not widely available in the literature. A review of the 
publications shows there is no universal correlation between the type of naphthenic acid 
and its Kow, although factors such as pH, temperature, cations present in the water, type of 
solvents used as the oil phase and the actual acid concentrations may be important. Many 
experimental techniques have been used in Kow determination, including colourimetric 
titration and IR spectroscopy (Bitsh-Larsen et al., 2004), as well as ultraviolet (UV) 
spectroscopy (Spildo and Hoiland, 1999). Volatile fatty acids (between two and four carbon 
atoms) have also been analysed with ion chromatography with reported values for Kow 
between 1000 and 4.14 in oil-water systems (Reinsel et al., 1994). Nevertheless, higher 
molecular weight acids and those with the structures shown in Figure 1.2 have been said to 
have much lower Kow values in model oil-water systems, e.g. 5x10-5 (Bitsh-Larsen et al., 
2004).  Reinsel et al. (1994) performed tests on low molecular weight acids and found a 
linear relationship between the logarithm of Kow and the number of carbon atoms in the 
acid. pH was also seen to influence increases in Kow and this was attributed to the formation 
of the naphthenate anion, which has a stronger affinity for water compared to the neutral 
acid molecule. Havre (2002), working with model naphthenic acids and acids extracted 
from crude oil, found Kow values between 10-2 and 10-5. The author observed that Kow 
varied linearly with the number of methyl groups in the acid structure, however an effect 
caused by the number of cycloaliphatic rings was also suggested. In work with a model 
naphthenic acid in n-decane and water, Spildo and Hoiland (1999) showed a dependency of 
Kow on the cation content of the aqueous phase. The presence of monovalent sodium ions 
did not affect Kow, but divalent calcium ions were seen to have an influence when tested at 
the same pH. Standal et al. (1999) also confirmed this trend using a different acid 
compound and suggested the results were due to the salting-out effects (increased solubility 
of the acid in the water phase) in the presence of calcium ions. The various different 
behaviours of reported Kow are thus probably a reflection of the variety of features in the 
different naphthenic acid structures such as number of carbon atoms, hydrogen deficiency 
as well as the number of unsaturations and carboxyl groups.  
w
o
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[HA]K =
w
-
a [HA]
]][A[HK
+
=
 24 
Naphthenic acid dissociation constants are more widely available in the literature. It is well 
known that for low molecular weight mono-carboxylic naphthenic acids, dissociation 
constants, Ka, usually have values between 10-5 and 10-6  (Brient, 1998). This means that 
these species are weakly acidic. The pKa is usually calculated by titration of the naphthenic 
acids with a stronger acid or a strong base. It is determined as the pH of the solution at half 
neutralization volume. In other words, where 50 mol% of the hydrogen ions are removed 
from the carboxylic group by hydroxyl ions in solution (Kanicky and Shah, 2002). Any 
factor which stabilises the naphthenate anion by withdrawing electrons, increases the 
acidity as given by the pKa. On the other hand any factor that makes the anion less stable is 
associated with electron release/sharing, and decreases acidity (Morrison and Boyd, 1979). 
Alternative methods for pKa measurement have been tested. For instance, Sjoblom et al. 
(2003) reported pKa values of naphthenic acids calculated with GC. pKa values for 
naphthenic acids with ten to sixteen carbon atoms and one, two and three rings were 
determined to be 4.9 ± 0.1 at 25 °C. 
It is not surprising that pKa studies of fatty acids are more common in the literature than 
those of acids having the structures shown in Figure 1.2. Fatty acids are more water-soluble 
than species with cyclic rings. However, because electronic effects of the added carbon 
cannot be increased beyond three or four carbon atoms, the pKa tends to become constant 
for acids with more than five carbon atoms and the same chemical backbone (Kanicky and 
Shah, 2003). Kanicky and Shah (2002) carried out a number of pKa measurements for fatty 
acids with eighteen carbon atoms in model systems. They measured very high pKa values, 
ranging from 8.28 (linolenic acid) to 10.15 (stearic acid). The lower values were found for 
acids with more unsaturations in their carbon chains. The authors suggested the results 
could be correlated to the packing of the acid at the interface. In crude oil mixtures, 
naphthenic acids will, however, dissociate over a range of pH values as reported by 
Rousseau et al., (2001). This makes individual effects of acid groups more difficult to 
determine. Kanicky and Shah (2003) determined the pKa for a number of mixed fatty acids 
in solution. Their results showed that if a fatty acid was added to a solution containing other 
acids of different carbon chain lengths, the final pKa would be closer to that of the shortest 
chain. The authors argued that this would be because the unequal chain length would lead 
to disruption in molecular packing. Baugh et al. (2005b), have shown that the pKa of the 
Arn naphthenic acids is of the same order of magnitude of that of a fatty acid with fourteen 
carbon atoms. They also showed that all four carboxyl groups in this naphthenic acid had 
equal strength. This is interesting because these results suggest that despite the high 
molecular weight (~1230 Daltons) and complex molecular structure of these species, their 
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positioning at the oil-water interface would not be affected by the different carboxylic acid 
groups.  Nevertheless, in crude oils which may contain more than 3000 naphthenic acid 
components (Qian et al., 2001; Kim et al., 2005) it might be very difficult to ascertain with 
precision, the exact order in which each selected naphthenic acid partitions to the oil-water 
interface. It might also be possible that the dissociation of higher molecular weight 
naphthenic acids (i.e. Arn) is systematically affected by other lower molecular weight acids 
during this process. In Chapter 7 a more detailed analysis of the importance of Kow and Ka 
on prediction of soap precipitation will be carried out, together with specially designed 
measurements. 
Work on naphthenic acid chemistry has also used the solubility product (Ksp) of the soap as 
a tool for phase behaviour studies.  This is shown in Equation 2.6. 
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Equation 2.6.  
 
where A- is the naphthenate anion, Me represents the metal cation with charge x which 
forms the soap MeAx. Beneventi et al. (2001) demonstrated that calcium soap solubility 
was a function of the presence of unsaturations on the hydrocarbon chain of the parent acid: 
the higher the number of unsaturations, the higher the solubility of the soap. Solubility at 
pH 9 and 67 °C for these soaps varied between 6x10-5 and 3x10-4 g/l obtained by surface 
tension measurements. Information on solubility products of oilfield soaps is less reported. 
Havre (2002) claimed it would be possible to study the formation of calcium soaps by 
induction time measurements. The pre-requisite to this was that the soaps formed through a 
crystallisation type mechanism. Thus near infrared spectroscopy (NIR) was used by Havre 
(2002) to gain information on the growth of calcium soaps and their solubility products in a 
bulk aqueous phase using dilute concentrations of acids in a single (water) phase. Ksp 
values were shown to vary between 6.4x10-13 and 2.8x10-8. However these results are 
qualitative since the formation of soaps occurs in a two-phase system in realistic conditions 
and may not even be governed by nucleation and crystal growth. The technique used by 
Havre (2002) was developed further to view the growth of soap particles (from model 
naphthenic acids) in oil-water interfaces created in laboratory conditions (Brandal, 2005). 
In Chapter 7 it will be shown that Ksp values are useful in modelling the formation of soaps 
in the laboratory.  
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An interesting aspect of naphthenic acid phase behaviour is their ability to self-organise 
through the formation of aggregates, such as micelles and dimers. An elegant review of the 
subject together with the first attempts to correlate these types of aggregates with soap 
deposition was carried out by Havre (2002) and extended by Brandal (2005). These 
aggregation properties result from the amphiphilic nature (presence of both hydrophobic 
and hydrophilic moieties (the organic chain or ring and the carboxyl group, respectively) of 
the naphthenic acid itself. One of the most interesting aggregation species are micelles, 
which are colloidal structures where the hydrophobic part of the molecule is directed 
towards the centre and the hydrophilic part directed towards the liquid phase. These 
aggregation structures can occur either in bulk organic or aqueous phases and result from 
hydrogen bonding and/or hydrophobic interaction of the hydrocarbon chains (a result of the 
balance of electrostatic and attractive van der Waals forces). Patist et al. (2001) presented 
an elegant review of the mechanism believed to be responsible for micelle formation. These 
and other aggregate varieties (e.g. reverse micelles) are believed to be restricted to a limited 
number of molecular species, and to be highly dependent on bulk phase pH, temperature, 
pressure and concentration. The critical micellar concentration (CMC) is the minimal 
concentration necessary for micellar formation (Kanicky et al., 2001). This can be 
measured by a number of techniques such as surface tension, electrical conductivity, 
chemical means and even light interferometry (Nikolov and Wasan, 1989; Patist et al., 
2001). Micelles can be understood as aggregates with different shapes and diameters 
between 4 and 10 nm. They are said to be in equilibrium with single surfactant monomers 
in the bulk liquid. Ekwall (1969) showed that in a system consisting of water, caprylic acid 
and sodium caprylate, two clearly distinguishable regions could be observed: a L1 phase, 
where water was the solvent and micelles were observed, and a L2 phase, where the fatty 
acid was the solvent and reverse micelles were found with a water-core surrounded by 
amphiphile molecules with hydrophobic groups oriented toward the core. This phase 
behaviour is shown in Figure 2.6. In a series of papers, Stenius and Zilliacus (1971) and 
Stenius (1973a, 1973b, 1973c and 1978) studied the formation of micelles in fatty acid 
systems containing up to six carbon atoms. The basic experimental set-up was 
potentiometric and VPO evaluations of brine systems containing acids. Micellar stability 
was found to increase with chain length, although the smallest carboxylate molecule to 
form micelles was an acyclic acid with five carbon atoms. Association was seen to increase 
with temperature in the range 25 to 40 °C and decrease with increasing branching. Damas 
et al., (1999) studied the effect of changes of sodium carboxylate salts on their micellar 
properties. All unsaturated carboxylate salts formed aggregates in aqueous solutions at 0, 
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25 and 40 °C. Unsaturated salts had higher CMC values compared to saturated salts, and 
this was seen to increase with temperature and degree of unsaturation. This effect was 
attributed to increase in polarity and CMC values varied between 7.1x10-3 and 405x10-3 
mol/kg. Havre (2002) obtained a number of CMC values for various single naphthenic acid 
solutions as well as commercial mixtures and these varied from 1.7x10-2 to 8x10-4 mol/l at 
pH 11 and 25 °C. Brandal (2005) reported CMC values for benzoic acid homologues 
between 0.83 and 0.01 mol/l. Certain correlations do exist to explain CMC values and the 
molecular weight of acids, related in turn to the hydrophobic part in the acid structure 
(Havre 2002). Beneventi et al. (2003) also argued that the presence of sodium oleate soap 
micelles in aqueous systems would play an important role in the foam stability mechanism. 
There is, however, a general lack of publications dealing with the micellization behaviour 
of naphthenic acid species and their soaps. Horvath-Szabo et al. (2001a) demonstrated that 
no CMC occurred for sodium naphthenates from commercial samples in the range from 0 
to 0.3 mol/kg toluene. This was attributed to hydrotropic behaviour of soaps (the ability to 
increase the solubility of one solvent in another). The occurrence of micelles has the 
potential to affect the prediction and modelling of naphthenic acid oil-water phase 
behaviour as shown by Havre (2002). Kanicky and Shah (2003) argued that at 
concentrations below the CMC, pre-micellar aggregates reflect the molecular cooperation 
in the ionisation behaviour of the carboxyl groups. This was supported by larger than 
expected measured pKa values for acid solutions which were below the CMC. CMC and 
surface activity are closely linked. In a surfactant system the CMC may be related to the 
stabilisation of the surface tension. The main problem is that if the solubility limit of the 
surfactant is below the CMC (i.e. at low temperatures, below the Kraft point), micelles 
cannot be formed and the surface tension trend is only due to lack of solubility, not 
micellization. The phase behaviour is also made more complex by the formation of 
multimeric species, such as dimers (Murkerjee, 1965).  
Naphthenic acids are also closely associated with emulsions. An emulsion (macroemulsion) 
can be defined as a thermodynamically unstable mixture of two immiscible liquids (Iupac, 
1997). Under the appropriate conditions of agitation, one of the liquids becomes dispersed 
in the other in the form of droplets. The most common type of emulsions found in crude oil 
production are water-in-oil emulsions (W/O), in which the crude oil is the continuous phase 
and water is the dispersed phase. Reversed emulsions, or oil-in-water emulsions (O/W), are 
those in which oil is the dispersed phase. Certain naphthenic acid species can be classed as 
surfactants. Surfactants within the petroleum industry are a class of compounds which 
accumulate at the oil-water interface and form an adsorbed film which may lower the 
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interfacial tension (IFT) of a crude oil-water system to very low values (Kanicky et al., 
2001).  Their phase behaviour can be very complex, as illustrated by Kanicky et al. (2001). 
The actual phase behaviour of naphthenic acids in solution has been observed to be equally 
as complex. Horvath-Szabo et al. (2001b) examined commercial sodium naphthenate in 
toluene-water systems and found five overlapping phases in equilibrium as shown in Figure 
2.6.  This is also presented with the phase behaviour of a single naphthenic acid, its salt and 
water (solvent) as studied by Ekwall (1969). The presence of an additional solvent (toluene) 
leads to a more complex phase behaviour as illustrated in Figure 2.6. L1 represents the 
micellar region and L2 represents the reverse micellar region. It is interesting to note that 
the gel phase found in the presence of an oil phase only (toluene) is a birefringent structure 
containing liquid crystals. The overall phase behaviour would also necessarily be expected 
to be a function of the oil-water partition coefficient, degree of surface activity and 
molecular structure of the naphthenic acids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6. Left: phase diagram of toluene, water and commercial sodium naphthenate 
from Horvath-Szabo et al. (2001b). Right: phase diagram of caprylic acid, sodium caprylate 
and water from Ekwall (1969).  
 
Further evidence of naphthenic acid surfactant behaviour has been presented by Mendez et 
al., (1997). These authors reported Winsor transitions for a solution of fatty acids in 
toluene. Winsor systems I, II and III were also observed by Horvath-Szabo et al., (2001b). 
Similar emulsion transitions were observed by Pickett and Ellway (1976) for soaps formed 
from oleic acid and magnesium ions, and this was shown to be a function of the 
concentration of salt in the system. Winsor systems represent either O/W, W/O or multiple 
emulsion transitions. 
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Naphthenic acids structures have also been described as forming liquid crystals. These are 
also additional surfactant association structures discovered by Reinitzer in 1888 (opere 
citato in Friberg et al., 1974) which have been studied extensively since the 1960’s mostly 
in attempts to explain the structure of biological membranes (Friberg et al., 1974). They can 
be understood as systems exhibiting anisotropic properties associated with solid crystals as 
well as flow properties found in ordinary liquids, but usually with high viscosity values. 
Examples of compounds which behave in this fashion are cholesteryl esters, n-
alkoxyazobenzenes and anisaldazine (Pope and Judd, 1980). Liquid crystals have been 
reported in a range of systems containing naphthenic acids, namely: water-commercial 
sodium naphthenates (41.8 to 74.5 wt%) (Horvath-Szabo et al., 2001a), water-toluene-
commercial sodium naphthenates (Horvath-Szabo et al., 2001b), naphthenic acid in 1M 
NaOH solution, naphthenic acid in toluene or heptane with 0.5 to 1 M NaOH and bitumen 
in toluene or heptane with 0.1 to 1M NaOH (Horvath-Szabo et al., 2002 and 2003).  
It is still not certain whether the acid species responsible for soap formation also form 
dimers, micelles or behave as liquid crystals and if this has any significance in soap 
deposition under field conditions. However, as described above, crude oil contains a vast 
number of naphthenic acids. Therefore it is possible that even micelles from non-soap-
forming naphthenic acids may also have an important role in soap deposition. No reports of 
liquid crystal structures for soap-forming systems could be found up to the work carried out 
in this thesis. The influence of these structures on the formation of soaps or on the stability 
of the emulsions formed from soaps remains unknown. More recently, specific acid 
structures have been suggested responsible for the occurrence of liquid crystal structures 
(Ese and Kilpatrick, 2004). Experimental evidence demonstrating the influence of liquid 
crystals on the stability of emulsions containing naphthenates has been presented by 
Horvath-Szabo et al. (2001b).  
The surface properties of fatty acids in aqueous systems has been studied by a number of 
authors for more than 60 years. It is known that these molecules have an overall preference 
for interfaces. Langmuir and Schaefer (1937) studied the behaviour of stearic acid 
monolayers in water in the presence of calcium ions and at specific pH. The authors used 
specially designed troughs to study surface pressure. Calcium ions were seen to lead to a 
significant decrease of the monolayer area (the interface area where the acids are 
positioned) and to make the cation-acid film more rigid at pH values of 7. In the presence 
of sodium ions, more calcium ions needed to be added to make the film rigid again. 
Wolstenholme and Schulman (1950 and 1951) carried out some complimentary 
experiments using a similar set-up and studied the effect on the monolayer in air-water 
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systems. Myristic acid and a larger number of cations were evaluated as a function of pH. 
Iron, aluminium, copper, manganese, calcium, cobalt and magnesium were used. In these 
experiments pH was observed to have an important role in the behaviour of the monolayer 
under equal ionic strength conditions. Calcium and magnesium had more significant effects 
at pH values greater than 6, while iron and aluminium had greater effect at pH values less 
than 4. Enever and Pilper (1967a) studied the kinetics between stearic acid and calcium ions 
at the air-water interface. Their results pointed to a direct dependency on pH, the 
concentration of the calcium substrate, the area per molecule of the stearic acid, and 
temperature of the overall reaction. Moreover they stated that the overall process could be 
understood by four basic steps: 
 
- diffusion of the metal (calcium) ions to the oil-water interface, 
- reaction at the interface between the ionised carboxyl groups and the metal ions, 
- structural reorientation in the mixed calcium naphthenate (stearate) and fatty acid 
film, and 
- further reactions between calcium and carboxyl groups due to removal of steric 
hindrance. 
 
Enever and Pilper (1967a) also claimed that the first two steps would occur within a few 
tenths of a second to two minutes, the last two steps would be dominant in the kinetics of 
the reaction. Moreover, they claimed this could be measured by surface viscosity 
measurements, which would be proportional to the amount of soap formed. Furthermore the 
same conclusions also held in a mixed system consisting of stearic acid, octanol and an 
aqueous phase with calcium ions (Enever and Pilper, 1967b). This data was also reinforced 
by surface potential measurements which proved to be a good indication of the ionisation of 
the stearic acid during the experiments. It is currently agreed that the presence of a net 
charge on a surfactant polar group affects its adsorption onto the monolayer. In the case of 
fatty acids, if all molecules become ionised, repulsion of molecules with similar charge may 
result in expansion of the monolayer leading to a weak/unstable film (Kanicky and Shah, 
2002).  Berg and Claesson (1989) conducted further studies on the forces within 
monolayers of acids in the presence of divalent cations using Langmuir-Blodgett films. 
Surface pressure-isotherms, contact angles and force versus distance curves were obtained 
for monolayers consisting of docosanedioic acid and eicosylamine in aqueous solutions. 
The effect of cadmium and calcium ions (concentrations from 10-5 to 10-3 M) was studied. 
It was observed that increasing the pH from 2.8 to 6 led to a change in the charge on the 
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mixed monolayer surface. In other work, Yazdanian et al. (1990) studied the effect of a 
wider range of cations at low ionic strength (~ 0.01 M) on stearic acid and arachidic acid 
monolayers. Surface pressure and surface potential measurements were obtained. It was 
seen that increase in the positive charge of the monolayer was induced by the presence of 
specific cations, based on the following order: magnesium < calcium < barium. Negative 
charges were however also observed to follow a specified order: cobalt < cadmium < lead. 
The cation order was shown to follow the expected degree of hydration of the atom (a 
function of ionic size). Ederth and Claesson (2000) carried out elegant work on the 
formation of soaps in the laboratory using thiohexadecanoic acid in hexadecane and water. 
The authors performed the measurement of the surface forces at a specially prepared 
carboxyl acid (charged) surface in the presence of calcium, magnesium and sodium ions. At 
very low ionic concentrations (~ 1 mM), DVLO (Derjaguin, Verway, Landau and 
Overbeek) theory was used to explain the effect of adsorped cations. This theory advocates 
the existence of an electric double layer for colloids in aqueous solutions (Adamson and 
Gast, 1997). Thus divalent cations were argued to be more efficient in reducing the surface 
charge than the monovalent sodium ions. At higher ionic concentrations it was shown that 
the DVLO theory was not adequate to predict the measured forces. In other words, the 
stability of the systems could not be determined by the sum of the electrical double layer 
forces and the repulsive van der Waals forces. Differences in adsorption for the divalent 
ions were rationalized in terms of hydration of the cation atom: magnesium is smaller than 
calcium, thus more strongly hydrated which in turn provides an energy barrier against 
adsorption. Havre (2002) also studied the influence of different cation species on the film 
formation of naphthenic acid solutions using the Langmuir technique at the air-water 
interface. His results showed that film formation from oil-water systems (containing 
naphthenic acids) was pH dependent with the more stabilising effect resulting from the 
presence of calcium ions at high pH. However, these experiments were based on the 
particular type of naphthenic acids forming a film, and this was structure dependent. The 
formation of the acid-cation monovalent complex was used by Brandal (2005) to explain 
the occurrence of oilfield soaps. A two-step mechanism was suggested to be occurring, in 
which the formation of the complex was the first as illustrated in Equation 2.7. 
 
M(RCOO)RCOOM][RCOORCOO2M 2k2k12 −→+−→−+ −+−+  
Equation 2.7. Two-step mechanism for soap formation proposed by Brandal et al., (2004) 
and Brandal (2005). k1 and k2 represent the rate constants. 
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Moreover, the same author advocated that the rate of soap formation would depend on the 
stability of the monovalent complex [RCOO-M]+ as a consequence of steric hindrance of 
acid monomers at the interface, as well as interfacial affinity of the cations towards the 
acids. The formation of such complexes was modelled in Langmuir systems by Bloch and 
Yun (1990) and Kovalchuck et al. (2001).  The conclusions reached by Brandal (2005) 
resulted from a series of experiments using the Langmuir technique to investigate a larger 
variety of sensitivities such as pH and naphthenic acid type, as well as divalent cation type 
on soap-forming systems (Brandal et al., 2004, Brandal 2005). These results showed the 
compression isotherms were a direct result of pH and of the type of acid used (model 
naphthenic acid or species extracted from field soaps). The authors tested a number of 
divalent cation sensitivities. The species with smallest ionic radius (magnesium), was 
shown to have the least stable film. This could be related to the larger hydration effects 
supporting preliminary conclusions on similar systems by Yazdanian et al. (1990). 
However, the same experiments did not show a clear effect for other larger atoms (e.g. 
there were no clear trends for barium and calcium ions). Further Langmuir film 
measurements for naphthenic acids isolated from soaps carried out by Brandal (2005) 
showed a dependency on pH, high stability in the presence of calcium ions compared to the 
model naphthenic acid solutions and uneven trends. The author related this to the suggested 
polymeric network behaviour of Arn. 
Surface properties of model oil-water systems have been shown to be associated with the 
presence of naphthenic acids. The lowering of interfacial tension (IFT) in more complex 
two-phase (crude oil-water systems or model acid-water systems) occurs as a result of the 
particular type of naphthenic acid (Hoeiland et al., 2001; Havre, 2002). Fatty acids have 
been shown to present typical surfactant behaviour (decrease of IFT with high pH). Much 
less has been reported in the literature on the surface activity for more complex acid 
structures from crude oils.  Naphthenic acid fractions isolated from crude oils have shown 
interfacial tensions of less than 0.003 mN/m, even at concentrations as low as 0.14 wt% 
(Seifert and Howells, 1969). Direct dependence of interfacial activity on acid content of a 
crude oil was first established by Seifert (1969). No correlations exist at present which 
indicate the overall effect of naphthenic acid structures in crude oil on IFT. However 
certain conclusions may be reached by analysing specifically the length of aliphatic chains 
(which would allow the polar groups to be packed closer together), and the absence of 
bulky aromatic or cycloaliphatic structures. Hoeiland et al., (2001) presented IFT trends as 
a function of pH for naphthenic acids extracted from crude oils. Measurements were carried 
out in the presence of NaCl using the drop-weight method. A gradual decrease in IFT as a 
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function of pH was observed, despite different acid types present in the extracts. Havre 
(2002) showed preliminary IFT data for a series of model naphthenic acid solutions and 
acids extracted from crude oil. The author’s results showed that commercial naphthenic 
acids behaved similarly to those species extracted from crude oil. IFT trends were seen to 
decrease with increase in pH, and this was attributed to acid structure. This methodology 
was developed further by Brandal (2005) in experiments with naphthenic acids extracted 
from soap deposits. The author reported IFT for systems containing Arn acids as low as 12 
mN/m and claimed that this would be one of the reasons behind the selectivity of this 
species towards soap formation. Yet, it is debatable if this reduction in IFT is significant, 
particularly when the IFT values for these Arn systems are three orders of magnitude higher 
than the results of Seifert and Howels (1969), who used different naphthenic acids.  
There have been a number of attempts to model the changes in oil-water IFT due to the 
presence of naphthenic acid systems. Primarily, the lowering of IFT with pH is a result of 
the extent of naphthenic acid ionisation, and the accumulation of these ions at the oil-water 
interface. This can be represented in its simplest form by the Gibbs Equation:  
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Equation 2.8. 
 
where ΓHA is the surface excess of the naphthenic acid, γ is the interfacial tension, CHA is 
the concentration of the naphthenic acid in the bulk phase, R is the universal gas constant 
and T is temperature (Adamson and Gast, 1997). This simple equation has been used 
successfully to model the phase behaviour of naphthenic acids in oil-water systems. 
Through mathematical manipulation of the Gibbs equation, a relationship between interface 
behaviour and IFT can be established: tighter molecular packing in the adsorbed film 
decreases the IFT. More recent models attempt to correlate subtle surface property changes 
with bulk property variations as a result of naphthenic acid presence. The premise for these 
models is the occurrence of an ionised monolayer, formed at the oil-water interface in 
which both kinetic and electrostatic contributions are present. The general agreement is that 
IFT will be reduced in systems consisting of an organic solvent with a naphthenic acid 
which has been placed in contact with alkaline brine.  IFT is then related to surface pressure 
(pi), which can be due to two contributions as shown in Equation  2.9. 
pi = pik + piE 
Equation 2.9. 
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The electrostatic contributions (piE) result from the charging of the interfacial double layer, 
and the kinetic contributions (pik) are due to the motion of molecules at the interface. 
Healey and White (1978) developed a mathematical model which employed no more than 
electrostatic effects. This model was used successfully by Spildo and Hoiland (1999) to 
explain experimental IFT trends in model naphthenic acid systems. In their assumptions, 
the authors considered electrostatic contributions to IFT could be modelled only with salt 
concentrations below 0.1 M (DVLO theory does not hold at high salinities). In a series of 
elegant experiments, Brandal (2005) showed dynamic IFT changes for a model naphthenic 
acid (in toluene/hexadecane mixtures) and acids extracted from soaps could be related to 
the size of the divalent ions present in the aqueous phase. Results were highly dependent on 
the structures of naphthenic acids used. The initial dynamic IFT decrease was attributed to 
the electrostatic forces exerted by the ionised acids on the unionised acids. They would 
react together to form less surface-active complexes, which could justify dynamic IFT 
increase. Trends were related to the results of Ederth and Claesson (2000) the degree of 
hydration in the aqueous phase, which followed the decrease in ionic size: barium > 
strontium > calcium > magnesium. Thus barium (larger ionic radius), being less hydrated 
would absorb faster at the interface leading to enhanced formation of the complexes. IFT 
data for the naphthenic acids isolated from a soap sample by Brandal (2005) show a clear 
dependence on pH and acid concentration. A value of 12 mN/m was found at equilibrium 
for these tests, but the influence of other cations (e.g. monovalent vs. divalent) was not 
reported. The lowering of the IFT data in these last tests was claimed to be a result of the 
presence of the Arn acids.  
There is no information in the literature correlating the actual IFT trends for naphthenic 
acid from soap-forming crude oils with the actual measurements for the crude oils 
themselves. The correlation of model IFT trends (or indeed for any other surface-derived 
property) with more complex systems cannot be carried out without difficulties. This is 
because of the net effect on surface properties of other crude oil components such as 
phenols, indolic acids and bases such as pyridine (Standal et al., 1999). Seifert (1969) has 
shown that phenolic hydroxyl groups have a diminishing effect on the surface properties of 
naphthenic acids. Acevedo et al. (1992) demonstrated that the IFT properties of selected 
crude oils matched more closely those of extracted asphaltene fractions, and less those of 
the carboxylic acid fraction. Therefore it could be possible that the most surface-active 
components of particular crude oil are not naphthenic acids, but asphaltenes. This presents 
an additional difficulty since asphaltenes are a solubility class (though certain sources 
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defined them also being colloids more akin to naphthenic acids), as opposed to carboxylic 
acids which are a chemical family which may even be present in the asphaltene fraction 
itself. In further work, Acevedo et al. (1999) also showed that IFT data for asphaltene 
fractions as a function of concentration was at least 50 % less than those of the extracted 
crude oil acid compounds. Even for the acids isolated from soap samples it is expected that 
their concentration would be many times that found in a soap-forming crude oil and thus 
their net effects could be somewhat artificially enhanced, in particular, in the absence of 
other surface-active crude oil components. 
From the previous discussion, it becomes evident that the exact extraction and 
characterisation of naphthenic acids from soap samples is an ongoing challenge. As far as 
integrating this information into a prediction tool for soaps, it is also necessary to obtain 
precise information on the molecular arrangement of both naphthenic acid and calcium 
prior to deposition, if at all possible. Current understanding is that the reaction between the 
produced water cations and the naphthenic acids may occur either at the oil-water interface 
or in the bulk of the aqueous phase. No attempts have been made however to study the 
changes in both crude oil and/or water properties before the formation of soaps actually 
takes place. For instance it is not know if the thermodynamic properties of the oil change 
before soap deposition (i.e. the solubility of certain naphthenic acid species in the crude 
oil).  
It is also not known if cation-naphthenic acid complex or chelate formation takes place in 
the oil, and if this could be used for predicting the precipitation problem. Carboxylates are a 
very important class of ligands and can occur in a variety of bonding modes, and some of 
these can be distinguished using FTIR or NMR (Cotton and Wilkinson, 1988).  Organic 
acid chelated transition metals are actually very common structures and are used as 
important trace mineral source for human and animal applications as well as in soil studies 
(Trusovs, 2003; Collins, 2004). It is not know if naphthenic acids themselves do form 
complexes with metals in crude oil systems, despite the fact that copper carboxylates can be 
found in tetrameric form. Cotton and Wilkinson (1988) suggested that these carboxylates 
might be polymeric in form.  There are currently a number of possible analytical techniques 
for metal complex identification. A good review of the available techniques for metal-acid 
complex measurement can be found in the work of Collins (2004). Techniques reviewed by 
the author included reversed phased high performance LC, reversed phase ion pair 
chromatography, size exclusion chromatography and ion exchange chromatography in 
addition to a detailed discussion of metal-organic acid kinetics. Yepez (2005) studied the 
reaction between elemental iron and naphthenic acids in a crude oil sample in a special 
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reactor with temperatures up to 380 °C. The author used inductively coupled plasma to 
measure the amount of iron taken up in the crude oil complexes and to study the effects on 
naphthenic acid corrosion.  Brandal (2005) presented a very interesting discussion that 
suggested that the reaction between calcium ions and naphthenic acid anions occurs 
through a two-step complexation mechanism, as shown in Equation 2.7. These conclusions 
were reached using IFT measurements on the extracted acids from soap samples. It is 
unlikely however that IFT would be used for soap prediction since this does not provide 
any information of the onset of soap occurrence. Thus, the need for a more fundamental 
understanding of prediction of soaps is a major gap existing in the open literature. A very 
promising technique which has not been reported in the literature for soap prediction is 
FTIR. More details of this study will be given in Chapters 3 and 5. Raman spectroscopy 
was also evaluated in this thesis but the results were not encouraging. In Chapter 6 the 
results of trial tests on model solutions will be presented using these technologies. 
 
2.3. Concluding remarks. 
In this chapter, an extensive literature review was presented which included the current 
understanding of the basic mechanism of soap formation together with a detailed analysis 
of the most important variables believed to be implicated in the field occurrence of these 
flow assurance issues.  Soap formation is said to occur both in the bulk of the continuous 
phases as well as at the oil-water interface. Precipitation is a result of the reaction between 
crude oil naphthenic acids and produced water cations and occurs at high pH during loss of 
CO2. Calcium naphthenate soap scales are said to be composed primarily of Arn naphthenic 
acids. Sodium carboxylate soap emulsions are said to be composed of fatty acids. 
Finally, the review focused on naphthenic acid and soap properties, as well as particular 
techniques for naphthenic acid extraction and characterisation. Particular gaps were 
identified in the understanding of the formation of naphthenic acid soaps:  
- the knowledge of physical chemistry and basic phase behaviour or naphthenic acids, 
particularly Arn and non-Arn systems, which could impact on the precipitation 
mechanism. 
- the correct identification of soaps and characterisation of naphthenic acid fractions in 
field samples,  
- the modelling of soap deposition in realistic conditions and prediction tools.  
This information presented in this chapter is seen as a platform for the discussion of the 
methodologies used in this thesis.  
` 
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CHAPTER 3 – CHARACTERISATION OF FIELD DEPOSIT 
SAMPLES: MATERIALS AND METHODS. 
 
Abstract 
In this chapter tests to develop the protocol for the analysis of field soap samples in this thesis are described.  
The philosophy behind the choice of techniques was to integrate measurements suitable for bulk and surface 
properties. A number of techniques were compared for investigation of both the inorganic and the organic 
constituents of soaps. The optimised protocol and the results helped gain an understanding of mechanistic 
drivers for soap formation, as well as to devise suitable experimental matrices for the study of the formation 
of soaps in the laboratory using various different feeds.  
 
3.1. Introduction. 
3.1.1. The characterisation of soap samples. 
One of the fundamental objectives of this thesis, as outlined in Chapter 1, is to understand 
the formation mechanisms for soap deposits. Chapter 2 presented an overview of the 
techniques reported in the literature that are used to characterise a variety of field soaps. 
However, major gaps in this area exist. With this in mind, it was decided to establish a 
protocol for the analysis of field soap samples under the same set of conditions.  It was also 
hoped that the analysis would provide inputs into the experimental design for the formation 
of laboratory soaps from single model naphthenic acid solutions and aid in the 
interpretation of tests using the extracted naphthenic acids from field deposits, as well as 
their parent soap-forming crude oils (Chapter 6). 
A number of field deposits were used in this thesis. These were all assumed to be soap 
samples at the start of the experiments, as provided by the sample owners. The following 
deposit samples were used as received: Field X (North Sea), Field Y (West Africa), Field Z 
(North Sea), Field W (South East Asia), Field T (North Sea). These samples were obtained 
from offshore locations in which no chemical treatment/mitigation procedures took place 
prior to precipitation. In addition, samples were also analysed from Field U (North Sea) and 
Field Z (North Sea), which formed when chemical treatment/mitigation procedures were in 
place to stop precipitation. The significance of this on the interpretation of analytical results 
will be explained in Chapter 4. 
The techniques tested to develop the analysis protocol were chosen to allow for the 
measurement of key variables believed to influence the formation of field soaps, as outlined 
in Chapter 2. The literature review highlighted that few attempts have been made to 
correlate bulk soap properties, specific chemical constituents as well as surface properties, 
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and integrate this information within a prediction strategy. In addition, traditional analysis 
of oilfield deposits has focused on characterisation of either inorganic (e.g. barium content 
of scale deposits) or organic (e.g. paraffin distribution in wax). Soaps are both the result of 
organic and inorganic chemistry (Chapter 2), so the techniques used in this thesis were 
selected to integrate both these aspects. The following properties were therefore chosen to 
be studied in the field soap samples:  
 
- chemical composition, 
- thermal behaviour, 
- elemental composition, 
- diffraction behaviour and 
- surface properties of soap components.  
 
The techniques tested and employed in the protocol were designed to treat the soaps as 
presented to avoid deliberately concentrating any soap constituent and therefore potentially 
overestimating its importance in the mechanism of precipitation. Detailed separation of 
particular field soap components was however carried out for more specific analysis and 
this is described in Chapter 5. However, for the application of certain techniques, the soaps 
were converted back to their original parent naphthenic acids, prior to analysis.  
 
3.1.2. Naphthenic acid extraction procedure. 
Two different procedures were used to convert the soap deposits back to their original  
parent naphthenic acids from field samples. In the first method (Procedure A), 25 g of the 
field deposit sample was washed with toluene (100 ml), followed by treatment with 3 molar 
(M) hydrochloric acid/glacial acetic acid 50/50 vol/vol mixture (100 ml) under agitation for 
one hour. The mixture was placed in contact with toluene (250 ml) until full dissolution of 
the organic phase (usually no longer than eight hours), after which the toluene phase was 
separated from the aqueous acidic phase and the inorganics (sludge). A second and third 
batch of fresh toluene was added to the leftover sludge. The process was followed by direct 
electrospray mass spectrometry (ES) in the negative mode on the toluene fractions used in 
the extractions, until no detected naphthenic acids were observed in the spectra. This was to 
maximise the recovery of the acids from the deposits. The toluene phases containing the 
naphthenic acid solutions prepared as described here will be hereafter referred to as 
naphthenic acid extracts.  
To focus on the identification of key naphthenic acid components a second procedure was 
developed. In this (Procedure B), 300 g of the field soap sample was ground using a mortar 
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and pestle, and stirred with acetone (500 ml) for one hour. The sample was filtered, 
reground and treated with a fresh volume of acetone. The process was repeated using 
different solvents such as methylene chloride, toluene and isooctane. At the end of the 
solvent wash treatment, the methylene chloride was removed in vacuum giving cleaned 
material (approximately 200 g). It was hoped that this would be the calcium naphthenate in 
its purest form. This material is hereafter referred to as clean calcium soap scale. The clean 
calcium soap scale (100 g) was added to 3M hydrochloric acid (400 ml) and toluene (300 
ml). This mixture was stirred and heated under reflux (two hours), after which the deposit 
had (for the most part) become a fluid organic phase. Filtering gave a residue of 
approximately 7 g, including sand and other insoluble materials. This deposit was filtered 
and rinsed with water to wash out most of the hydrochloric acid and placed in a solvent 
extraction unit (rotary evaporator) for toluene removal. This phase will be hereafter termed 
indigenous acids. Procedure B therefore contains the most concentrated fraction of 
naphthenic acids since most of the crude oil contaminants are removed during the 
extraction. Further results of this procedure are presented in Chapter 6. 
 
3.2. Chemical composition of soaps. 
One of the key variables believed to be important for field soap formation is the precise 
chemical constituents of the parent crude oil, which are concentrated in the soap, as 
discussed in Chapter 2. Many techniques were reviewed with the purpose of obtaining 
information on the chemical composition of both soaps and their parent crude oils. No 
single modern analytical technique allows determination of the precise chemical 
composition of crude oils or their deposits. It was for this reason that more than one 
analytical technique was chosen in this thesis. The molecular weight of specific soap 
components was investigated with mass spectrometry (MS). The review of the literature did 
not present any comparative results of different MS ionisation sources as well as detectors 
or analysers for soap samples. Therefore, a sensitivity study was carried out using different 
ionisation sources. The choice of these sources was based on the following criteria: 
- a soft ionisation with low sample fragmentation, and  
- clear distinction of low and high molecular weight naphthenic acids.  
 
A second sensitivity study was conducted using different mass analysers. The objective was 
to investigate the effect of using higher resolution equipment on the detection of specific 
soap naphthenic acids species. The presence of particular chemical groups was also 
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investigated using Fourier-Transform infrared (FTIR) and nuclear magnetic resonance 
(NMR).  
 
3.2.1. Mass spectrometry. 
Mass spectrometry (MS) is the technique in which samples are analysed as ions according 
to their mass-to-charge ratios (m/z). The resolution of a mass spectrometer is defined by the 
ratio of ion mass to the difference in mass between two resolvable peaks in a spectrum. 
Resolution can also be measured by considering two adjacent peaks of approximately equal 
intensity. These peaks should be chosen so that the height of the valley between the peaks is 
less than 10 % of the intensity of the peaks (Silverstein et al., 1991). Low-resolution 
techniques usually allow for the differentiation of unit masses up to 2000 Daltons. Standard 
low-resolution instruments have resolution between 102 up to 105. High-resolution 
instruments can have resolution of above 106. As mentioned in Chapter 2, derivatization of 
the analyte of interest may be carried out to aid detection response, although this may also 
make the analyte more surface-active and lead to preferential ionisation. Typically, the MS 
hardware set-up consists of a variety of ionisation sources, detectors and mass analysers. 
For this thesis, a sensitivity study was carried using a series of ionisation sources and mass 
analysers/detectors to determine the best set-up for detailed analysis of soap-forming 
systems.  
 
3.2.1.1. The ionisation source and analyser selection. 
In this thesis, a number of ionisation sources were selected for the study of naphthenic acid 
detection in the field soap samples. The simplest source used was an electron impact (EI) in 
a pyrolysis gas chromatography mass spectrometry (GCMS) set-up. Chemical ionisation 
(CI) was also used, despite the relatively high fragmentation reported with this source with 
naphthenic acids (Dzidic et al., 1988; Roussis and Lawlor, 2002). Most of the analytical 
sensitivity studies with MS were carried out using soft ionisation sources to avoid 
unwanted sample fragmentation. These sources were atmospheric pressure chemical 
ionisation (APCI), electrospray (ES), fast ion bombardment (FAB), and matrix-assisted 
laser desorption ionisation (MALDI). For detailed information on the operation of these 
sources, the reader is referred to the specialised equipment manufacturer literature (Waters, 
2005; Massspec, 2005; New Objective, 2005). Naphthenic acid extracts from a soap deposit 
from Field Y acquired using Procedure A (Section 3.1.2) were used in these experiments. 
The choice of field deposit was based on sample availability. 
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The selection of mass analysers used was based on the different resolution of the 
instruments. The focus was also on the detection of the range of components in the 
naphthenic acid extracts obtained using Procedure A (Section 3.1.2). In this thesis, a 
sensitivity study was carried out using three analysers: a single quadrupole, a time-of-flight 
(TOF) and a Fourier-Transform ion cyclotron resonance (FTICR). The analysers were 
coupled to either electrospray or nanospray sources. The negative mode of operation was 
used with all analysers to enable the detection of acidic species. Detailed operation of the 
FTICR is beyond the scope of this thesis; however more information is available in 
Marshall et al. (1998). All mass spectra obtained during this sensitivity study were recorded 
up to m/z values of 1500. For the ionisation source study it was decided not to employ 
derivatization of the naphthenic acid components with the exception of selected tests 
conducted with the EI source where a silyl agent was used. The reason for this decision is 
that derivatization of naphthenic acids is highly sensitive to structure, and therefore it was 
opted not to include an additional experimental variable which could affect the final 
spectra. The EI source also has the potential to benefit more from a derivatization procedure 
on the naphthenic acids than other sources. This is because of the unwanted fragmentation 
effects reported with this source and non-derivatized naphthenic acid species 
For the FAB experiments, a VGZABSE instrument with caesium iodide source having a 
resolution of 1200 was used. The voltage of the atom gun operation was 30 keV, the 
discharge approximately 3 mA, the orientation of the ion beam gun was close to 110 °. The 
pressure in the source housing was between 5.5 and 10 mbar. The first matrix used was 
nitrobenzylalcohol (m-NBA). However, due to poor sensitivity for Arn detection, a 50/50 
vol/vol mixture of m-NBA and triethanolamine (TEA) was also tested. Standard 
commercial naphthenic acid mixtures were also used for instrument verification.  
The APCI tests were carried out using a PE Sciex 150EX mass spectrometer with a heated 
nebulizer source. Tuning and calibration of the equipment was achieved using 
polypropylene glycols and verification with commercially available naphthenic acid 
mixtures. Nitrogen was used as both nebulizer and curtain gas, at gas pressures of 10 and 
12 psi, respectively. The nebulizer current voltage and temperature were -6 kV and 400 °C, 
respectively. The focussing and extraction potentials used were -50 and -5 V. The analysis 
parameters were: 1.0 V ion energy, deflector voltage 300 V and electron multiplier 2 kV.  
The CI experiments were carried out on a semicircular VG70SE spectrometer. About 10 ml 
of sample was placed into a quartz capillary tube which was then inserted into the probe 
cavity. The probe was inserted into the sources with pressures of 10-7 mbar. The source was 
heated to 160 °C and used at -8 kV. The carrier gases used were ammonia and isobutane. 
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Isobutane generates tert-butyl ions when ionised in the presence of naphthenic acids, which 
add 57 Daltons to the ionised naphthenic acid molecular structure, whilst ammonia 
generates ions with 1 Dalton less than the original molecular weight (Hsu et al., 2000). 
Between each run the source is heated to 400 °C to remove any residue. The equipment was 
tested with calibration standard heptacosafluoro-tributylamine. 
The MALDI experiments were run with an MX Micromass time-of-flight (TOF) 
instrument. Flight tube voltages were 5.2 to 12 kV and a Reflectron optics path length of 
2.3 m. The matrix used was alpha-cyano-4-hydroxy-cinnamic acid.  A nitrogen UV laser 
energy source with a 337 nm wavelength was used. The pulse energy used was 1950 µJ and 
the analyser pressure was 10-7 mbar. Samples were run at a rate of 10 pmol/ml. High 
molecular weight standards were used for the calibration of the MALDI equipment.  
The EI source was a CDSAS2500 Pyroprobe coupled to a Hewlett Packard 6890 gas 
chromatograph. A Hewlett Packard 5973 mass selective detector was used. For these tests 
the deposits were used in natura (i.e. without conversion back to the original parent 
naphthenic acids). Pyrolysis was first conducted at 650 °C and then at 800 °C (since most 
field deposits remained stable at lower temperatures, as given by thermal analysis tests). 
The analytical column was DBFFAP with 30 m length, 0.32 mm i.d. and 0.25 µm film 
thickness. Temperature programming was set to 40 °C (for 5 minutes) then increased to 250 
°C at 8 °C/min, and finally held for 5 minutes. A commercial naphthenic acid mixture was 
used to test the experimental set-up.  
The ES instrument used was a PE Sciex 150EX single quadrupole mass spectrometer. 
Samples were infused using a Harvard Syringe pump with flow rates between 1 and 10 
µl/min. The source temperature was 350 °C and the needle voltage for ionspray -4.5 kV. 
Nitrogen was used as both nebulizer gas and curtain gas at pressures of 6 psi and 60 psi, 
respectively. 
For the analyser sensitivity study, a single quadrupole analyser was used with the ES 
settings mentioned above. The TOF analysis was carried out using a Waters LCT Premier. 
The ionisation source was a nanospray model from Sciex. Nitrogen was also used and the 
pressure was tuned to around 2x10-3 Torr. The following settings were used: capillary 
voltage 2.8 kV, sample cone voltage 60 V, desolvation temperature 300 °C, source 
temperature 100 °C, cone gas flow 50 l/hr and desolvation gas flow 200 l/hr. The cycle time 
used was 2.1 seconds, with a scan duration of 2 seconds (delay of 0.1 seconds). Calibration 
and tuning was achieved using sodium formate. This solution was prepared by dissolving 
formic acid (1 ml) in water (9 ml) to which 10 wt% sodium hydroxide (0.5 ml) was added 
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to aid ionisation.  To this solution a mixture of 2-propanol and water (9/1 vol/vol, 9 ml) was 
added. The FTICR instrument used was a Bruker BioApexII with a 4.7 Tesla magnet 
containing an electrospray source (Analytica). Naphthenic acid extracts (20 µl) from Field 
Y soap were used and these were prepared according to Procedure A (Section 3.1.2). The 
naphthenic acid extracts were diluted into a methanol/acetonitrile mixture (50/50 vol/vol, 1 
ml). Aqueous ammonia solution (10 µl, 35 vol%) was added to the sample to aid 
deprotonation. The conditions used were: trapping potentials PV1 and PV2 both -1.12 V 
and detection and excitation mass ranges between 86 to 5000 Daltons. Ions were retained in 
the hexapole ion trap of the source for 0.6 seconds (D1) prior to excitation, and an 
extraction pulse length P2 of 4000 µs was used. The sidekick mechanism was employed to 
detect ions that were off axis as they entered the cell, thus preventing them being redirected 
out of the path. The values used for EV1, EV2 and DEV2 were 7.94 V, 0.72 V and -1.12 V, 
respectively, where EV corresponds to the ICR cell extraction plates and DEV2 to the ICR 
cell delta extraction plate 2. Dipolar excitation was used to excite the ions to a detectable 
cyclotron orbit prior to detection. The duration of the excitation pulse length (P3) was 12 
µs, and RF attenuation for excitation (PL3) was 4.62. The FTICR was calibrated with a 
solution of sodium iodide (2 µg/µl) in a 2-propanol/water 50/50 vol/vol mixture.  
The electrospray source (ES), together with the single quadrupole analyser, was used in 
more detailed sensitivity studies where the effect of solvents and instrument parameters 
were investigated on the detection of the naphthenic acid extracts. Solvent sensitivity was 
examined by using three combinations: toluene, toluene-methanol and toluene-methanol-
acetonitrile mixtures (note in all three cases 0.1 wt% aqueous ammonia solution was also 
added to aid ionisation). The rational behind this was to check for different solvent polarity 
and viscosity influences on the different naphthenic acid structures. The following 
operational variables were also examined using toluene only as a solvent: ion spray voltage, 
nebulizer and curtain gas flow rates.  
From the sensitivity studies with the ES and the single quadrupole mass analyser, an 
optimum set of conditions were selected for the remaining analysis of the field soap 
samples. A representative aliquot of each sample (0.1 g) was taken and dissolved in a 
glacial acetic acid/toluene mixture (50/50 vol/vol, 5 ml). The resulting solutions were 
washed with ultra high quality water (1 ml, HPLC grade). This procedure was necessary to 
reduce acidity since this affects the ionisation procedure in ES because negative mode 
operates better in neutral or basic pH. However this procedure also removes some of the 
more water-soluble components, and therefore the washing procedure constitutes a trade-
off. 0.1 wt% ammonia solution was also added to the organic phases prior to injection to 
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aid ionisation. The internal standard used initially for recovery calculations was benzoic 
acid (0.08 g/l). To improve sensitivity of particular soap scales, samples were further 
diluted where appropriate with toluene/2-propanol (50/50 vol/vol). This was important for 
naphthenic acids present in lower concentrations such as those from Field W. All apparatus 
were cleaned with toluene/2-propanol 50/50 vol/vol between sampling, until no trace of 
soap elements was observed in the MS spectra. 
 
3.2.1.2. Statistical treatment of MS data – mapping the naphthenic acid distributions. 
The molecular weights of the soap constituents can be obtained from the m/z ratios of the 
protonated or deprotonated ions generated from either negative or positive modes in MS. In 
this thesis, the data from the negative mode ES was used to obtain assignments of 
naphthenic acid constituents in the soap samples. The objective was to match the 
naphthenic acid species according to the number of carbons atoms and hydrogen deficiency 
groups. To this end, it was necessary to assume that each m/z value represented a 
naphthenic acid species which had become deprotonated. Thus the real naphthenic acid 
molecular weight (corrected m/z) is obtained by adding 1 Dalton to the spectrum data. This 
procedure does however consider equal ionisation sensitivity for all naphthenic acids in the 
ES process. Thus the assignments are not quantitative. In certain cases mis-assignment of 
acids due to fragmentation may occur (Clemente and Fedorak, 2004). In order to tentatively  
assign the m/z data to true naphthenic acid structures certain criteria has to be met. In this 
thesis, the standard naphthenic acid formula, CnH2n+ZO2 (Equation 1.1.), was used to assign 
m/z values to all mono-carboxylic species below 1220 (i.e. all non-Arn species). This 
procedure was previously described by Holowenko et al. (2002) and Clemente et al. 
(2003). A few hypotheses are considered for this approach as put forward by Clemente and 
Fedorak (2004), namely: 
 
- if the hydrogen deficiency (Z) is -2, one ring of at least five carbon atoms must be present, 
- there must be at least one carbon atom available for a carboxyl group, 
- there must be at least one carbon atom available for an alkyl group, and 
- structures with more than 3 rings (Z < -6) may be fused on more than two sides.  
 
A major limitation of this approach, however, is that it considers all naphthenic acids to be 
mono-carboxylic species. Baugh et al. (2005a) suggested that molecules in the Arn 
naphthenic acid family contain four carboxylic acid groups and have molecular weights in 
the region of 1230 Daltons. Thus in this thesis, m/z data between 1220 and 1250 were used 
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to assign Arn naphthenic acids species, and the empirical formula proposed by Baugh et al. 
(2005b) was used (CnH2n+ZO8, with n set to 80). In addition, m/z data in the range of 615 to 
627 were removed from the statistical calculations as these represent second ionisation 
species of the Arn acids (Brocart et al. 2005). Tables 3.1 and 3.2 present examples of m/z 
assignments to naphthenic acids using these procedures. Table 3.1 presents information 
from Clemente and Fedorak (2004). According to this data each calculated naphthenic acid 
molecular weight would differ by 14 mass units for every carbon number (n, CH2) and 2 
mass units for every hydrogen deficiency value (Z, H2). According to the proposed formula 
of Baugh et al. (2005a), for a fixed number of carbon atoms (n set to 80) the Arn species 
would differ only by 2 mass units for every ring (Z) as shown in Table 3.2. However other 
papers have suggested Arn acids with carbon numbers of up to 82 may occur (Smith et al., 
2007). Nevertheless, all Arn species would be included in the m/z range specified earlier, 
regardless of the number of carbon atoms (i.e. m/z from 1220 to 1250). To simplify the 
statistical speciation of soap sample species, a carbon number of 80 and a hydrogen 
deficiency value of -10 were used to represent all Arn naphthenic acids. 
 
Table 3.1. Mono-carboxylic naphthenic acid molecular weights as a function of n and Z 
values. Formula used CnH2n+ZO2. Molecular weights which do not represent naphthenic 
acids as per the hypothesis of Clemente and Fedorak (2004) are represented by x. 
 
 
 
 
 
 
 
 
 
Table 3.2. Arn naphthenic acid molecular weights (MW) as a function of Z values. Carbon 
number (n) set to 80. Formula used: CnH2n+ZO8. (Baugh et al., 2005a) 
Arn (MW) Z 
1230 -18 
1232 -16 
1234 -14 
1236 -12 
1238 -10 
Z
n 0 -2 -4 -6 -8 -10 -12
5 102 x x x x x x
6 116 x x x x x x
7 130 128 x x x x x
8 144 142 x x x x x
9 158 156 x x x x x
10 172 170 168 x x x x
11 186 184 182 x x x x
12 200 198 196 194 x x x
13 214 212 210 208 x x x
14 228 226 224 222 220 x x
15 242 240 238 236 234 x x
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After naphthenic acid species have been assigned, qualitative statistical information for the 
soap samples is displayed in 3 dimensional graphs, which allows for good visualisation of 
the variation of naphthenic acid content (Clemente and Fedorak, 2004). The graphs are 
constructed by taking the raw mass spectra data, correcting for the loss of 1 Dalton, and 
matching this molecular weight with that of known mono-carboxylic acids (Table 3.1) or 
Arn species (Table 3.2). Carbon number and hydrogen deficiencies are then plotted as a 
function of the normalised percentages for each naphthenic acid species assigned. It was 
hoped that this qualitative procedure would allow for the fingerprinting of the naphthenic 
acid content of soaps. 
 
3.2.2. Fourier-Transform infrared spectroscopy. 
The spectroscopic analysis of naphthenic acids using IR is a well-documented procedure 
(Silverstein et al., 2005). Naphthenic acid dimers display a very broad intense hydroxyl (O-
H) stretching absorption in the region of 2500 to 3300 cm-1. This is a result of the 
exceptional strength of the hydrogen bond present. Naphthenic acids also exhibit stretching 
vibrations due to the carbonyl group (C=O), for which the monomers of naphthenic acids 
absorb near 1760 cm-1. The C=O group from dimerized acids absorbs in the 1720 to 1760 
cm-1 region. The bands for C-O stretching and O-H bending appear in the spectra near 1210 
to 1320 cm-1 and 1395 to 1440 cm-1, respectively. The more intense band near 1280 to 1315 
cm-1 for dimers appears as a doublet in the spectra of long chain fatty acids. Another feature 
of dimeric naphthenic acid solutions is the bending of the hydroxyl group at 920 cm-1 
(Morrison and Boyd, 1979; Silverstein et al., 1991). The application of FTIR to crude oils 
or emulsions for naphthenic acid identification is problematic due to the large number of 
interferences and contaminants: water, for instance, can be distinguished through the 
appearance of particular broad bands near 3450 cm-1. From a practical perspective, if crude 
oil products have been in contact with plastics, phthalic acids may interfere (Yen et al., 
2004). FTIR can be used, under certain circumstances, for the analysis of acids in aqueous 
solutions (Yen et al., 2004) and sometimes even directly on crude oils (Gorbaty et al., 
2000). The main disadvantage of FTIR for the analysis of naphthenic acids is that it cannot 
distinguish more than one carboxylic acid group per acid molecule. The technique cannot 
therefore, be used to distinguish mono-carboxylic from bi-carboxylic or other naphthenic 
acid species.  
FTIR spectra were obtained in this thesis using a Perkin Elmer PERX instrument on the 
naphthenic acid extracts from the field soap samples obtained as per Procedure A (Section 
3.1.2). The naphthenic acid extracts were evaporated with nitrogen and placed on a 0.015 
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mm sodium chloride cell to remove solvents used in preparation (i.e. toluene). Spectra were 
obtained in the absorbance mode between 500 and 4000 cm–1. The background absorption 
was subtracted prior to each sample measurement.  
 
3.2.3. Solution nuclear magnetic resonance. 
Solution nuclear magnetic resonance (NMR) was chosen to be tested in the protocol 
developed in this thesis to provide insights into the main chemical groups present in the 
field soap samples. It was hoped that the technique would aid in the identification of the 
naphthenic acid groups present. NMR usage in flow assurance studies has been widely 
reported. The analysis of separated asphaltenes from crude oils for instance has been shown 
by Dehkissia et al., 2004. Self-diffusion measurements by NMR have also been used to 
measure asphaltene aggregation and the interactions with naphthenic acids. This technique 
is known as pulse field gradient NMR (Sjoblom et al., 2003). There are a few studies of 
NMR applications for the analysis of naphthenic acids from crude oils for example, 
Tomczyk et al., 2001. For soap analysis, both 1H and 13C NMR have been reported 
(Brandal, 2005; Lutnaes et al., 2006) for the identification of indigenous components at the 
same time the work in this thesis was being carried out. Carboxylic acid protons are easily 
identified with 1H NMR by a narrow range of chemical shifts between 10 and 13.2 ppm.  
The C=O groups of carboxylic acids and derivatives can be seen with 13C NMR in the 
range between 150 and 180 ppm. Two dimensional (2D) NMR was reported for the first 
time by Baugh et al. (2005a and 2005b), and this gave insights into the structure of the Arn 
naphthenic acid family. The main conclusions reached from this work were: no aromatic or 
alkene functions present in the Arn acids, the carboxylic acid function is primary, no 
presence of tetra-substituted carbons with the exception of the carbonyl, the carboxylic acid 
function are carried on a side chain attached to a ring. The basic NMR set-up is illustrated 
in Figure 3.1. For a detailed description of the technique the reader is referred to Silverstein 
et al. (1991) or Saunders and Hunter (1993). Typically, samples are placed in tubes located 
inside a powerful magnet that generates a static magnetic field. The nuclei contained in the 
sample have spins and associated magnetic moments (a reflection of their individual 
charges). The effect of different hardware changes on sample spins is the major output 
variable in NMR experiments. In this thesis samples were analysed using 1H and 13C NMR 
including Distortionless Enhancement by Polarisation Transfer (DEPT).   
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Figure 3.1. Simplified NMR lay-out (Silverstein et al., 1991). 
 
The solution NMR experiments were carried out on a Bruker DPX4000 instrument, and 1H 
and 13C nuclei were examined. The observing frequencies were 400 and 100 MHz 
respectively. The magnetic field strength was 9.4 Tesla. DEPT spectra were also acquired 
for 13C NMR to obtain additional information on the carbon atoms in the naphthenic acids 
from the soap samples. All spectra were acquired using deuterated chloroform as a solvent 
and using the relative solvent shifts as reference. Preparation of the naphthenic acid extracts 
for solution NMR followed Procedure A (Section 3.1.2). In addition, removal of trace water 
was necessary. This was carried out by placing the naphthenic acid extracts in contact with 
chloroform (500 ml) and heating in a water bath at 50 °C for 30 minutes. Anhydrous 
magnesium sulphate (drying agent) was added to make a layer about 1 cm thick across the 
bottom of the conical flask. The suspension was stirred so that the magnesium sulphate 
reached the whole solution. Additional magnesium sulphate was added until the solution 
became clear. The liquid was filtered using a large Buchner funnel and the magnesium 
sulphate residue on the filter paper was also washed with fresh chloroform. The filtered 
liquid was then transferred to a flask and taken to evaporation using a rotary evaporator. A 
minimum amount of chloroform was used to dissolve the sample prior to NMR analysis. 
Since only qualitative spectra were obtained, no relaxation agent or pulse delays were used 
in the acquisition. To aid in interpretation, a literature survey of chemical shift information 
of naphthenic acids was carried out and is included in Chapter 5 for ease of comparison of 
the results. 
 
3.2.4. Solid state nuclear magnetic resonance. 
Solid state NMR is widely applicable to samples with solubility that is too low to be used in 
solution NMR. In general, the hardware used for solution NMR can be adapted for solid 
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state studies. The magnetic fields (usually much larger), the applied pulses (usually 
narrower) are inherent operational parameters required to generate good signal-to-noise 
ratios in solid state NMR. In the solid state, the chemical shifts can also be used to aid in 
structure determination, but this must be performed with reservations, since the values 
depend on both the magnitude and the angle of the applied magnetic field. This is in direct 
response to the orientation of the solid particles in the magnetic field. This effect is termed 
chemical shift anisotropy (CSA) and is much larger in solid state than in solution NMR. In 
addition, in solid samples, the effects of nuclei interactions play a significant role in data 
acquisition. More abundant 1H nuclei with strong dipole-dipole interactions will dilute the 
effect of the less abundant 13C nuclei. Static local fields can also be created in each nucleus 
as a result. The two effects described above can lead to detrimental line broadening effects 
and poor resolution. The methods used to reduce these effects are magic angle spinning 
(MAS), cross polarisation (CP) and dipolar decoupling (DD). MAS averages dipolar effects 
and reduces CSA to zero by setting the spinning of the atoms at a pre-selected angle which 
is tuned using a calibration standard, and the rotation must be at least the order of the CSA 
linewidth (~3 kHz). DD is a sequence of phase modulations in which nuclear spin coupling 
information is removed to increase spectral resolution. However, because of the level of 
interaction (tens of kHz for a solid state sample compared to 100 to 200 Hz for the same 
sample in solution), the decoupler power must be set to high levels, and these can be 
enough to induce residual broadening as a function of CSA only. CP is used to enhance the 
intensity of NMR signals from higher to lower magnetogyric nuclei. Essentially, the 
technique uses dipolar coupling (as opposed to spin-spin coupling in solution NMR 
experiments or direct polarisation DP). The combination of these techniques, or CPMAS, is 
particularly useful for identifying crystalline materials and zeolites, and to obtain mobility 
and conformational effects in polymers. Although solid state NMR has been used to 
identify humic naphthenic acids (Leenheer and Rostad, 2004), no mention of application of 
this technology to flow assurance studies could be found in the literature. Thus it is 
performed for the first time on soap deposits in this thesis. 
Solid state 13C NMR was performed on the field soap samples in natura as a 
complementary technique to solution NMR since it was not possible to distinguish the 
carboxylic carbons with the latter technique. The analysis was carried out using a Varian 
Unity Inova spectrometer and a 5 mm rotor i.d. MAS probe. CPMAS experiments were 
performed in addition to direct polarisation (DP). The objective was that the CP experiment 
would preferentially detect the least mobile components, and the DP experiment would 
detect preferentially the most mobile component. All spectral referencing are in respect to 
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tetramethylsilane. Additional dipolar decoupling (DD) experiments were also conducted to 
check for quaternary carbons. Because of the large amount of water present in sample from 
Field W the best spectrum for this deposit was obtained using slow-spinning direct 
polarisation (DP). 
 
3.3. Thermal behaviour of soaps. 
Thermal analysis comprises a range of techniques which are used to analyse enthalpies for 
changes in physical state (e.g. melting), transitions between crystalline forms (e.g. liquid 
crystals) or to accompany chemical reactions induced by temperature variations. This is 
achieved by heating both the sample and an inert reference material under controlled 
conditions. Thermal analysis has not been widely used for analysis of flow assurance 
deposits, but there are reports of the study of wax and hydrates deposition using these 
techniques (Pope and Judd, 1980). Thermal analysis is also used for the determination of 
wax appearance temperatures in distillate fuels as in the IP389 method (Riazi, 2005). 
Gallup et al. (2005) used differential scanning calorimetry (DSC) to study mixed wax and 
soap deposits. They found it possible to identify the occurrence of microcrystalline paraffin 
structures within these mixed deposits and treat the wax deposition problem accordingly. 
Huang (2006) used thermal analysis of asphaltene fractions deposited from a crude oil and 
was able to correlate asphaltene decomposition with boiling point cuts.  The key advantage 
in applying thermal analysis to the study of soaps is to aid in the correlation of important 
bulk properties with specific soap components. Until this thesis, this information was not 
available in the open literature. Ushikusa (1990) used thermal gravimetric analysis (TGA) 
to study the behaviour of metal salts of fatty acids. Calcium, copper, cadmium and barium 
soaps of acids having carbon numbers between sixteen and eighteen were used. From 
initiation to 25 wt% loss, changes were shown to be the result of the degradation of the 
carboxylic group, either through the formation of CO2 or ketones. At higher temperatures 
the authors suggested that polymerisation of the naphthenic acids was taking place. Two of 
the techniques which have widespread applications in thermal analysis are differential 
thermal analysis (DTA) and DSC. The main difference between these methods is that in 
DSC both sample and reference have individual heaters, and in DTA a single heater is 
shared. Figure 3.2 presents a typical simplified DSC layout. RO represents the thermal 
resistance between pan and holder and RS represents the thermal resistance between sample 
and pan. These must be minimised through design and are such that they are unaffected by 
changes in the sample. For more information the reader is referred to the work of 
McNaughton and Mortimer (1975). 
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Figure 3.2.  Typical DSC layout (McNaughton and Mortimer, 1975). Ts and TR represent 
the sample and reference material temperatures, TP the temperature of the pan. RO 
represents the thermal resistance between pan and holder and RS represents the thermal 
resistance between sample and pan. 
 
The holder material, geometry, flushing gas as well as the contact surface between the 
holder and sample packing affect DSC operation (McNaughton and Mortimer, 1975). Thus 
holders with thin disks or films are preferred. The holder pans can be used with or without 
sealing. Sealing is necessary if specific heat capacities are to be calculated. Sample weights 
should be chosen so that they each absorb the same amount of heat on fusion. For DSC 
generally the smaller the sample size the better, provided the bottom of the pan is fully 
covered (to prevent loss of material since it is very common to use samples in the mg 
weight range). Careful attention should also be paid towards choosing an appropriate 
scanning heating rate. This is a function of the equipment available, but is usually a 
compromise between resolution and the time taken to acquire data. It can however affect 
the diffusion of volatile products to the surface of the sample being analysed. Calibration is 
usually performed using high purity metals (99.5 wt%) as standards with known enthalpies 
of fusion. Two common examples are indium and platinum (melting points 156.6 
°C/1768.3 °C and enthalpy of fusion 28.5 Jg-1/256.4 Jg-1) (Pope and Jude, 1980; Cotton and 
Wilkinson, 1988). A calibration constant is obtained by heating a pre-weighed sample of 
the standard, measuring the area given by the thermogram and dividing this by the known 
enthalpy change. The sample atmosphere (type of gas and the use of static or dynamic 
measurements) is also a very important parameter in DSC analysis. The use of either 
nitrogen or oxygen gas leads to differences in acquired thermogram of up to 35 % (Pope 
and Jude, 1980). An atmosphere of flowing inert gases is preferred, since these remove 
decomposition products which could otherwise retard reactions in the samples. Current 
hardware design for DSC apparatus ensures that the temperatures applied to the sample and 
to the reference are maintained equal. Thus the heat input to the sample and reference with 
time (dH/dt) can be acquired accurately. Modern DSC instruments provide good 
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calorimetric response over temperatures up to 600 °C with accuracies within 0.2 °C. 
Temperature corrections arise if the calorimeter has been calibrated with a certain standard 
and the samples melt at significantly different values. Other sources of error lie in the 
temperature lag between the sample pan and the holder. The interpretation of DSC 
thermograms is made even more complex by the presence of multicomponent samples.  
DSC and TGA have been used in this thesis to obtain information on soap sample thermal 
stability, initially with a soap deposit sample from Field Y. Data is qualitative only since 
the relative influence of particular soap components is not known. This was in part 
minimised by using DSC/TGA of a clean calcium soap, as well as the separated indigenous 
acids from this sample as templates (obtained as per Procedure B Section 3.2.1). Because of 
sample heterogeneity, special attention was paid to the presence of impurities such as crude 
oil and water on the thermogram to avoid false interpretations. Thus, the DSC thermograms 
of the parent soap-forming crude oil from Field Y were also analysed.
 
 A DSC2920 (TA 
Instruments Ltd) was used to measure the calorimetric characteristics of the sample as a 
function of increasing temperature. A heating rate of 10 °C min-1 was used and a nitrogen-
purged atmosphere was applied, over the temperature range from ambient to 300 °C.  
Samples were placed in open aluminium pans of 6.0 mm diameter, with side walls 1 mm in 
height. Samples were placed as close to the surface of the pan as possible and then tapped 
gently.  For the TGA analysis, the TGA2950 (TA Instruments Ltd) was used to measure the 
weight loss of the sample as a function of increasing temperature.  A heating rate of 10 °C 
min-1 under a nitrogen-purged atmosphere was applied, over the temperature range from 
ambient to 1000 °C. This higher temperature was chosen due to the inherent stability of 
many of the soap samples observed during preliminary TGA tests carried out up to 400 °C. 
Samples were placed in open platinum pans of 9.5 mm diameter, with side walls 1 mm in 
height. For both DSC and TGA, temperature corrections were carried out using indium 
standards (which are software implemented). Mass calibration for the TGA was carried out 
using Mettler and Toledo standards. 
 
3.4. Elemental composition. 
The objective of using elemental composition techniques was to gain information about the 
distribution of the soap sample components from an atomic perspective. There are a 
number of techniques which can be used for this purpose. Certain techniques probe the 
inner electronic structure of atoms, for example X-ray fluorescence (XRF), energy 
dispersive X-ray (EDAX), X-ray photoelectron spectroscopy and Auger electron 
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spectroscopy. Other techniques probe the mass of atoms generated during measurements, 
such as inductively coupled plasma mass spectrometry. Moreover, the outer electronic 
structure of atoms can also be investigated using flame atomic absorption, inductively 
coupled plasma atomic emission spectroscopy. An excellent review of most of these 
techniques is presented by Adamson and Gast (1997). The elemental composition study of 
inorganic scale deposits has traditionally relied on EDAX and XRF. Organic deposit 
analysis (i.e. asphaltenes) has relied on combustion type bulk elemental analysis for a 
qualitative indication of aromatic/aliphatic ratios in each sample. In this thesis, a sensitivity 
study was carried out using two soap samples from Fields Y and W, and three techniques 
for a qualitative elemental composition: XRF, EDAX (with environmental scanning 
electronic microscopy, ESEM) and elemental analysis.  
 
3.4.1. Elemental analysis. 
Elemental analysis is an important measurement in oilfield chemistry used to indicate the 
overall character of crude oil and petroleum stocks and to predict the hydrogen requirement 
to convert heteroatoms to their hydrogen analogues (Dehkissia et al., 2004). There are 
many variants of this analysis, but they usually comprise the burning of the sample in a 
controlled environment and the analysis of the produced gas. The sample is typically 
wrapped in a tin capsule and inserted into a furnace where a steady stream of an unreactive 
gas (e.g. helium) is passed through. Oxygen gas is added as the sample capsule is inserted 
into the oven. The furnace may contain a catalyst that facilitates combustion. Copper 
turnings may also be added to ensure that any nitrogenous components in the sample are 
reduced to nitrogen gas. The technique is highly dependent on the weight of the sample 
used. Any elements which are not carbon, hydrogen, nitrogen or oxygen will not be 
identified using the technique. This method is applied in the correlation of asphaltene 
fractions and their parent crude oils done through comparison of atomic ratios such as 
hydrogen/carbon, nitrogen/carbon for instance (Acevedo et al., 1992; Anchyeta et al., 
2002). It is common to use elemental analysis information to obtain the double bond 
equivalent (DBE) using Equation 3.1. 
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Equation 3.1. 
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where H/C is the hydrogen/carbon atomic ratio. Elemental analysis has been used by a 
number of authors to study naphthenic acids Average percentage values for carbon, 
hydrogen and nitrogen compositions for naphthenic acids separated from crude oils are: 80 
%, 12 % and 0.3 %, with hydrogen/carbon (H/C) ratios of 1.7 (Acevedo et al., 1992; Saab 
et al., 2005). DBE for acids have also been reported between 8 and 13 (Tomczyk et al., 
2001; Saab et al., 2005). Asphaltenes on the other hand, have been credited with much 
lower H/C ratios, such as 0.5 (due to their higher aromaticity) and oxygen levels from 0.3 to 
10.3 %, sulphur from 0.3 to 4.9 % and nitrogen from 0.6 to 3.3 % (Speight, 2004). 
Determination of carbon, hydrogen and nitrogen in this thesis was carried out using a Leco 
CHN932 analyser. The method used was a modified version of the ASTM D5291 (Riazi, 
2005). The sample was burned at a temperature of 1000 oC in flowing oxygen. The carbon 
dioxide, water and nitrogenous oxide
 
combustion gases (NOx) are passed through a 
reduction tube with helium as the carrier gas. This converts the NOx into nitrogen. The 
carbon dioxide and water are measured by selective IR detectors. After the absorption of 
these gases, the content of the remaining nitrogen is determined by thermal conductivity 
detection. For oxygen, a separate sample is decomposed in a pyrolysis furnace at 1300 oC 
because it is the combustion gas used in the technique itself. Oxygen was not therefore 
measured in this technique. Calibration of the instrument was made using high purity 
acetanilide standards of known compositions. 
  
3.4.2. X-ray fluorescence. 
X-rays are electromagnetic radiation with a wavelength of 0.003 to 3 nm with energy 
between 0.5 and 500 keV. The photoelectric effect is the name given to the absorption of a 
primary X-ray by an atom. During this process, inner-shell electrons are ejected which 
results in the atom becoming unstable. To return to a stable condition, there is a transfer of 
electrons between the atom’s outer and inner shells. This process gives off a characteristic 
secondary (fluorescent) X-ray which is proportional to the difference between the two 
binding energies of the corresponding shells. Energy levels are an exact function of each 
element. Sometimes, as the atom returns to its stable condition, instead of emitting a 
characteristic X-ray, it transfers the excitation energy directly to one of the outer electrons, 
causing it to be ejected from the atom. The ejected electron is called an Auger electron. 
This process competes with X-ray emission. Auger electrons are more likely to occur in 
elements with atomic numbers larger than 10. Detection limits are a function of the element 
to be analysed and can be as low as 0.1 ppm (Fitton, 2000). The use of these phenomena to 
help identify unknown materials is called X-ray fluorescence spectroscopy (XRF). The 
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technique is widely applied for the characterisation of both solids and liquids. Some of the 
inherent advantages of this technique are that it is reasonably fast and in most cases, non-
destructive. The XRF hardware set-up usually consists of a source (radioactive or X-ray 
tube) and a detector. Because X-rays are absorbed by air, it is usual for the XRF 
spectrometer chamber to be evacuated using a rotary pump. Two approaches can be used 
for calibration using either empirical or fundamental parameters.  The empirical approach is 
based on standards with known elemental compositions. Yet the standards must be 
representative of the matrix, as well as the elemental concentration ranges of the sample. In 
the fundamental parameters approach, mathematical algorithms that describe the physics of 
the detector response to pure elements are used for sample identification. Thus, the typical 
concentration of the sample must be known and a single standard used to optimise the in-
built model (Lachance and Claisse, 1995). Sample preparation for XRF analysis varies 
considerably, but is mostly a function of the type of instrument used and the method of 
analysis (intrusive, in situ, etc). It is common for solid samples to be polished, in order for 
surface homogeneity to be achieved. Powders are normally pressed into pellets in the 
laboratory using transparent supporting materials such as polyethylene, for instance. 
In this thesis, the sample preparation techniques for XRF were similar to those described by 
Fitton et al. (1998), with modifications noted by Fitton and Godard (2004). Major element 
concentrations were measured on fused glass discs prepared by a method similar to that of 
Norrish and Hutton (1969). Element data is therefore presented on an organic-free basis and 
is corrected to the total sample basis using the mass loss on ignition (LOI). The soap 
samples were dried at 110 °C for at least two hours after which 1 g was ignited at 400 °C to 
determine LOI. The residue was then mixed with a lithium borate flux containing La2O3 as 
a heavy absorber, by a method similar to that developed by Norrish and Hutton (1969). The 
borate flux consisted of a commercial Johnson Matthey Spectroflux 105 mixture. This was 
added using a sample/flux ratio of 1/5 based on the LOI. The mixture was fused in a muffle 
furnace for twenty minutes at 1100 °C in a special crucible. After the initial fusion, the 
crucible was reweighed and any weight loss was made up with extra flux. Mass loss in 
fusion can be ascribed to volatiles such as water and carbon dioxide. A second sample 
fusion was then carried out over a Meker burner. During these procedures the molten 
mixture was swirled several times to ensure homogeneity, cast onto a graphite mold, and 
flattened with an aluminium plunger into a thin disk. The mould and plunger were 
maintained at a temperature of 220 °C on a hotplate. Trace element concentrations were 
determined on pressed-powder samples. Samples were made by compressing the fused 
samples to make a 40 mm diameter sample pellet. The binding agent consisting of a 2 wt% 
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aqueous solution of polyvinyl alcohol. The fused and pressed samples were analysed using 
a Philips PW 2404 automatic X-ray fluorescence spectrometer with a rhodium anode X-ray 
tube. The spectrometer was calibrated with reference standards, using the values given by 
Jochum et al. (1990) and Govindaraju (1994).  
 
 3.4.3. Energy dispersive X-ray and environmental scanning electron microscopy.  
Scanning electron microscopy (SEM) has long played a central role in structural 
characterisation for flow assurance samples. When a sample is examined with an electron 
beam, three signal types can be created: secondary electrons, backscattered electrons and 
X-rays. Secondary electrons are sample electrons ejected after interaction with the primary 
electrons of the beam. These have low energy (less than 50 eV), and thus escape from 
shallow areas within the sample, resulting in the best imaging resolution. Back-scattered 
electrons (BSE) are primary beam electrons which have left the sample due to static 
collisions. They have energies from 50 eV up to the accelerating voltage of the beam. 
Because of their higher energy, they have higher specific volumes of interaction, thus lower 
resolution. SEM works by bombarding the surface of a material with a beam of electrons 
and detecting both secondary electrons or BSE’s since X-rays provide poor spatial 
resolution compared to these types. A virtual image is constructed from the signals emitted 
by the sample and the resolution of SEM instruments is the measure of the smallest feature 
observable by the apparatus specified by Å or nm ranges. This is typically set by the size of 
the spot formed by the beam on the sample surface. In SEM, magnifications are decoupled 
from depth of field and are determined by the size of the beam scan. This is the main 
advantage over conventional transmission light microscopy.  
Because of the need for high vacuum and extensive sample preparation with SEM, the 
environmental scanning electron microscopy (ESEM) mode of operation is often preferred 
in solid characterisation studies. High vacuums are a requirement for correct beam focusing 
to avoid the effects of ignitable gases due to the high voltages employed. Thus, only 
samples that are vacuum tolerant and conductive may be used in SEM. In ESEM no prior 
specimen preparation is required and even wet samples can be analysed. Multiple pressure 
limiting apparatus separate the sample chamber from the beam column. The column 
remains at high pressure, while the chamber sustains pressures of at least 4.6 Torr (Philips, 
1996). Gas flow controls the pressure in the chamber and this is usually comprised of an 
inert species. Gas ionisation in the sample chamber eliminates the charging effects typically 
seen with non-conductive samples and this is used to amplify the secondary electron signal 
which is measured in the ESEM detector (Philips, 1996). Sample coating is often required 
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in ESEM to aid in conductivity/contrast and to avoid destabilising sensitive samples. 
However, one disadvantage of a coating, whilst enhancing the surface detail of the sample 
is the masking of internal structures (Philips, 1996). Most ESEM apparatus have in-built 
EDAX capabilities to make use of the energy produced as a result of the incidence of the 
primary electron beam. The EDAX detectors measure the quantity of emitted X-rays as a 
function of energy, which is characteristic of the element from which it is emitted. But 
EDAX provides only an elemental composition of the exact surface spot of the sample 
being analysed. Thus it becomes important to perform a surface scan of the sample under 
scrutiny. However, one of the advantages over XRF or elemental analysis is that EDAX can 
focus on different sample areas and help identify multiple contaminants. One of the most 
undesired effects during an EDAX analysis is the interference of skirt X-rays.  These are 
produced from electrons scattered by gas molecules. The effect can be minimised by 
correct adjustments of the distance and angle between the X-ray detector and the sample. 
Elements with atomic numbers from that of beryllium to uranium can be detected due to 
low X-ray intensity. The minimum detection limits vary from about 0.1 wt% to a few 
percent depending on the element and matrix. 
ESEM/EDAX was performed using an XLM Philips model in this thesis, operated with 
nitrogen. The objective was to obtain both soap morphology and elemental composition 
information. Copper and aluminium standards were used to verify the correct EDAX 
instrument operations. Gold coating was used initially, but discontinued owing to 
reasonable sample stability under vacuum and to avoid any interference from the potential 
absorption of gold. The beam energy was 20 keV. Three different measurements were 
carried out on each sample, thus atomic and weight percentages represent the average of 
these values. An EDAX spectrum of the stub holder used to place the samples in the gas 
chamber was also acquired to determine background interference. 
 
3.5. Diffraction behaviour of soaps. 
In X-ray tubes radiation is produced when a focused electron beam is directed at a 
stationary solid target within a high voltage field. This collision results in the ejection of 
inner shell electrons from the atom of the solid target. In the event of a free electron fitting 
the inner shell an X-ray of energy characteristic of the solid material is emitted and is 
measured by XRF (Section 3.4.2). Some photons from the incident beam are deflected after 
the collision with the electrons. The type of collision where no energy loss occurs is known 
as Thomson Scattering and the reflected X-rays can interfere constructively to produce a 
diffraction beam. Because the wavelength of the reflected radiation is of the same 
 58 
magnitude of the size of atoms (in the Angstroms range), standard X-ray diffraction (XRD) 
can then be used to study atoms that are arranged in lattice planes. Crystalline material, in 
particular, will show as sharp peaks. Thus XRD is very suitable for fingerprinting unknown 
solid samples with crystalline content. The condition for a diffraction peak to occur is 
described by Bragg´s law: 
 
2.dsinθ = nλ 
Equation 3.2.
  
where d is the interplanar distance (also known as d-spacing), θ is the scattering angle and n 
is the integer representing the order of the diffraction peak. This equation is the basis for all 
diffraction pattern interpretation (Warren, 1969).  
Powder X-ray diffraction in the reflection mode was applied to the study of field soaps in 
this thesis. Data was acquired using a type F Siemens diffractometer (NaI scintillation 
counter).  The X-ray source was copper Kα and it was run at 40 keV and 30 mA power. 
Samples were packed in special glass capillary tubes 0.7 mm i.d. and 80 mm length 
supplied by Capillary Tube Supplies Ltd. Steps were in increments of 0.005 ° and counts 
were collected at 0.25 seconds for each step. Viscous soap samples which could not be 
packed were rolled onto the capillary tube. The software used to convert the frequency of 
the acquired spectra into the time domain was Siemens Diffrac AT.  
 
3.6. Surface properties of soap components. 
As shown in Chapter 2, surface properties of naphthenic acids can be measured using a 
variety of methods including interfacial tension measurements, force area curves with 
Langmuir films, interfacial viscosity and electrical measurements, to name a few (Langmuir 
and Schaefer, 1937). Measurement of surface properties in soap-forming systems is 
justified since it is agreed that deposition of certain soap types occurs primarily at the oil-
water interface. At the start of this thesis, there had been no previous attempts to measure 
the surface properties of the acids found in soap deposits. However, some interesting work 
has been performed on model naphthenic acid solutions and acids extracted from crude oil 
systems (Havre, 2002; Brandal et al., 2004). Langmuir films offer many opportunities for 
the study of the interactions at the oil-water interface. In this thesis a simpler technique for 
interfacial tension measurements was selected for studying naphthenic acid extracts with 
selected brine systems. Interfacial tension (IFT) can be understood as the physical quantity 
associated with the deformation of fluid interfaces. The adsorption of the surface-active 
species (i.e. naphthenic acids) at the oil-water interface can be described by the Gibbs 
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equation (Equation 2.8). Because the Gibbs equation is formulated on a thermodynamic 
basis, it does not take into account the time required for the molecules to diffuse and adsorb 
at the interface (Kanicky et al., 2001). Thus static and dynamic values might be different if 
the time required to attain equilibrium between the two phases being measured is not taken 
into account. Equilibration time can vary from a few minutes to up to an hour or more. It is 
agreed that higher molecular weight naphthenic acids will have slower kinetics. However 
equilibration times will be shorter at higher pH values (Spildo and Hoiland, 1999), and thus 
this needs to be taken into consideration prior to planning experiments. An important 
insight from the work of Brandal et al. (2004) was that after an elapsed time of ten minutes, 
dynamic surface tension experiments for model naphthenic acid systems had reached 
equilibrium. If more than one surface-active component is present the variation in surface 
tension as represented by the Gibbs equation becomes complicated because the correct 
amounts of surfactants preferentially adsorbed cannot be determined (Langmuir and 
Schaefer, 1937). The Gibbs equation in this case needs to be formulated using chemical 
potentials and the modelling required to describe the system can become very complex 
(Somasundaran et al., 1984).  
There are many techniques for the measurement of IFT. Under certain circumstances these 
have been shown to give different results. Beneventi et al. (2001b) used an image analysis 
tensiometer and a Du Nouy ring for static and dynamic ST measurements in foams 
containing fatty acid soaps. Their results show that the longer the hydrophobic chain of the 
soap, the larger the differences between the results for these two ST techniques. This was 
attributed to different absorption kinetics. Standal et al. (1999) used the Du Nouy ring and 
the Wilhelmy plate to investigate the partition coefficient of selected polar components. 
They found that the exact cation types and concentrations had a direct effect on the polar 
component bulk and surface properties. The authors suggested that the stable IFT curve for 
the naphthenic acid could be due to the complexation between calcium cations and acid 
anions resulting in a monovalent complex in the alkaline range which would concentrate in 
the bulk phase rather than at the interface. 
In this thesis, IFT experiments were carried out to investigate the effect of pH and salinity 
on the surface properties of naphthenic acid extracts from soaps dissolved in toluene, 
obtained according to Procedure A (Section 3.1.2). The Du Nouy ring with a platinum ring 
of the KSV Sigma 70 tensiometer was used. The water phases comprised pH adjusted 
brines and the contact times used were twelve minutes. All brines were prepared with 
deionised water, which was further purified with a Millipore Milli-Q plus 185 system. 
Preliminary tests were used to show that after this time interval the system was close to 
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equilibrium. The Du Nouy ring was cleaned with detergent and water, followed by 
treatment with a flame from a Bunsen burner between each measurement. Repeated water-
air ST measurements were carried out with the cleaned ring until a value of 72.8 mN/m at 
20 °C was recorded. The resolution for the IFT measurements can be considered to be 0.1 
µN/m, as indicated by the equipment manufacturer (KSV, 2004). Brine temperatures and 
densities were measured at the start of the experiments. Variations in temperature were 
corrected using software implemented algorithms for density variation. All brine 
temperatures were measured with mercury thermometers prior to phase equilibration. Brine 
densities were measured using an Anton Paar DMA 4500 apparatus. 
 
3.7. Special analysis of Field U and Field T deposits. 
It was also necessary to carry out special analysis on selected field deposits from Field U 
and Field T. These deposits were not soaps but consisted of asphaltenes (Field T) and 
chemically treated resin-type deposits (Field U). The samples were studied using a SARA 
type separation procedure (Aske et al., 2001; Speight, 2004). The objective was to obtain 
the relative distributions of saturates, aromatics, resins and asphaltenes. SARA separations 
are usually applied to crude oil samples not deposits. However, the use of the SARA 
separation in this thesis was aimed at fingerprinting differences between soaps and 
asphaltene samples. The SARA method used was the technique developed by the 
Norwegian Petroleum Directorate and published by Weiss et al. (2000). Additional whole 
oil gas chromatography (GC) was carried out on the maltene (saturate, aromatic and resin 
fractions) for each deposit to check for biodegradation fingerprints. GC is a well-
established technique in geochemistry for the study hydrocarbon fractions (Peters and 
Moldowan, 1993). GC uses a stationary phase consisting of a column and a mobile phase 
(an inert gas) which are used in combination for compound separation. On injection, 
samples are vaporised into the carrier gas. Large molecules are retained at the head of the 
GC column in a process known as cold trapping. As the temperature of the column is 
raised, molecules are released and begin to elute as a direct function of their volatility. The 
GC column is usually coated with a non-volatile liquid and the release of compounds from 
the column is related to the interactions between the analytes and the stationary phase 
(including the coating) and the mobile phase. In this thesis GC was carried out on the n-
pentane soluble fraction of the deposits from Field U and Field T. The equipment used 
consisted of a HP5890 with a FID detector. The column used was a DB1 phase 0.25 µm 
film 30 m by 0.25 mm, with helium as the carrier gas at a constant pressure of 15 psi and 
flow rate of 1.5 ml/min. Split Injection was used with 0.2 µl, 1/100 split. Injector and 
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detector temperatures were 320 and 350 °C respectively. The temperature programming 
range 50 to 320 °C at 10 °C/min was used with a final hold of 20 minutes. TOF-MS 
analysis was also conducted on both the maltene and the asphaltene fractions separated for 
each deposit above to verify the presence of naphthenic acid species and to establish 
favoured detection of these species in one of the solubility fractions. The conditions for 
TOF-MS analysis follow those described in Section 3.2.1.1. To help identify the asphaltene 
deposition tendencies for Field U, the parent crude oil from this field was also analysed 
using the basic methodology described in ASTM D3279 (Riazi, 2005), where the mass 
percentage of asphaltenes in a crude oil sample is defined as the total insoluble fraction in 
n-heptane solvent.  The results of the ASTM D3279 method are not fully accurate 
indications of the asphaltene precipitation tendencies of a crude oil sample. This is because 
only a small fraction of the asphaltenes in a crude oil is responsible for flow assurance 
precipitation problems (Mullins et al., 2007). Nevertheless, the method provides a 
preliminary assessment of asphaltene precipitation tendencies for hydrocarbons. The use of 
the techniques described above was very important in studying those samples identified not 
to fall in the soap category (i.e. soap scale or soap emulsion). The results also provided 
information to interpret the soap precipitation mechanism and this will be further discussed 
in Chapter 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 62 
CHAPTER 4 – CHARACTERISATION OF FIELD DEPOSIT 
SAMPLES: RESULTS. 
 
Abstract 
In this chapter the main results from the study and analysis of field deposit samples are presented. The 
techniques have been described in Chapter 3. The main contribution of this chapter to the overall thesis is an 
optimised analytical protocol for the study of soap samples under the same set of conditions. This is 
summarized at the end of the chapter and is termed Full Analysis of Soap Types (FAST). The data refers to 
deposits from Field X (North Sea), Field Y (West Africa), Field Z (North Sea), Field W (South East Asia), 
Field T (North Sea) and Field U (North Sea). The use of the protocol enabled the fingerprinting of the two 
end-member soap types: calcium naphthenate soap scales and sodium carboxylate soap emulsions. Moreover, 
chemically treated soaps and asphaltenes were also clearly identified by additional techniques selected. 
 
4.1. Chemical composition. 
The different techniques evaluated to gain insights into the chemical compositions of the 
field deposit samples are now discussed. For this purpose, the naphthenic acid extracts from 
each deposit were separated, according to Procedures A reported in Section 3.1.2, unless 
stated otherwise. Mass spectrometry, Fourier-Transform infrared spectroscopy and solid 
state nuclear magnetic resonance were used.  
4.1.1. Mass spectrometry. 
4.1.1.1. Ionisation source and analyser sensitivity study. 
The EI mass spectrometry ionisation source was used in combination with pyrolysis and 
high-resolution gas chromatography (GC). The sample from Field Y was used in natura.  
To aid interpretation, a commercial Acros naphthenic acid mixture was also analysed. 
Further information on the composition and properties of this sample may be obtained from 
Hao et al. (2005) and Acros (2006). Figure 4.1 presents the chromatogram for this sample. 
It can be observed that the commercial naphthenic acid mixture resulted in a complex 
pyrogram, possibly due to the large number of components, eluting mostly between 11 and 
30 minutes. 
Pyrolysis for the field deposit was conducted at 850 °C, in response to thermal analysis 
studies. This high temperature programming significantly improved the detection of GC 
peaks in the field soap sample pyrograms. Figure 4.2 presents an example of the pyrolysis 
results for the field deposit. 
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Figure 4.1. Pyrogram GC of commercial Acros naphthenic acid mixture at 650 °C. 
 
Figure 4.2. Pyrogram GC of deposit sample from Field Y at 850 °C. 
 
A number of ions were extracted using MS equipment for interpretation of the Field Y soap 
deposit data. The following ions were used: 74, 88 and 101 Daltons. These ions were some 
of the most common components detected in the commercial Acros naphthenic acid 
mixture. These ions were also used in the work of Baugh et al. (2005a). The authors 
reported that fragments at 74 and 101 Daltons and lack of fragments at 88 Daltons would 
indicate the presence of derivatized Arn in a naphthenic acid extract from a field soap.  
Very poor signals were obtained in the MS results in this thesis, particularly for the 88 and 
101 Dalton ion overlays when compared to the commercial naphthenic acid. However, 
some peak matches were obtained for the 74 Dalton overlay. These results are presented in 
Figure 4.3.  
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Figure 4.3. Pyrolysis GCMS at 850 °C of samples from Field Y (note each coloured 
chromatogram represents a sub-sample from the Field Y soap deposit) and commercial 
naphthenic acid standard (black chromatogram). Overlay of ion 74 Daltons. 
 
The use of a commercial Acros naphthenic acid for fingerprinting did not allow any 
detailed conclusions to be made in regards the particular acid structures present in the field 
sample. This is probably due to the different naphthenic acid species present in the 
commercial mixture as well as the soap deposit. Because of the poor sensitivity of the 
above procedure, it was decided to carry out a test on the naphthenic acid extract from Field 
Y soap sample diluted in a mixture of toluene and n-o-bis-tri-methylsilyl acetamide. This 
derivatization agent was chosen to allow for better observation of silyl esters, which are 
preferably ionised, as opposed to the non-derivatized naphthenic acids structures.  No 
pyrolysis was used for this experiment. The EI source was used with the same GCMS set-
up as described in Section 3.2.1.1. The ion having 74 Daltons was extracted since it was 
common to all components detected in the derivatized commercial naphthenic acid mixture. 
An overlay of this data is presented in Figure 4.4. The peaks at retention times 7.9, 8.37, 8,5 
and 11 minutes are observed in all tests with the naphthenic acid extracts from Field Y. 
These coincide with some peaks in the commercial naphthenic acid. Yet, many other peaks 
present in the commercial naphthenic acid are not observed in the field sample. Thus, 
despite better sensitivity obtained by the use of the silyl derivatization agent, it would 
appear that the field soap sample contains different groups of acid families compared to the 
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commercial naphthenic acid. Since the precise derivatization yield for each acid species is 
not known, it is very difficult to ascertain the predominant parent acid structures in the field 
soap deposit sample after derivatization. This is because derivatization is also a function of 
molecular structure. Although the composition of the commercial naphthenic acid is known 
(it was analysed with electrospray mass spectrometry, results presented later), the overall 
yields for derivatization are not. This makes a true comparison with the field soap sample 
difficult. Moreover, it is likely that the low energy of the EI source is unable to ionise high 
molecular weight acids efficiently. Given the poor resolution of the GCMS system, the 
decision was taken to focus on more selective ionisation sources for the analysis of the 
naphthenic acids in the field deposit. 
Figure 4.4. GCMS of silyl derivatized naphthenic acids from Field Y (note each coloured 
chromatogram represents a sub-sample from Field Y soap deposit) and derivatized 
commercial naphthenic acid standard (black chromatogram). Overlay of ion 74 Daltons. 
 
The CI source was tested with the naphthenic acid extract from Field Y using isobutane and 
ammonia as the carrier gases. When isobutane was used, the spectrum showed very poor 
signal-to-noise ratio, probably due to fragmentation caused by the carrier gas. An attempt 
was made to correct this with little success.  When ammonia was used there was less 
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fragmentation, and there appeared to be a broad Gaussian distribution of acids, including 
higher molecular weight species, but no Arn (m/z ~1230) naphthenic acids were detected. It 
has been reported that CI sources have poor ionisation yields for higher molecular weight 
naphthenic acids (Dzidic et al., 1988). The results in this thesis confirm this observation 
and also show that the source does not favour the detection of Arn acids from soap samples. 
Thus the use of the CI source was discontinued in this thesis. 
When the MALDI source was used, despite the low sample flow rates, the spectrum 
showed preferential ionisation of particular m/z species. There were repeating bundles of 
peaks starting at m/z 800 and going up to 1700. The presence of higher molecular weight 
species in this sample is most likely a consequence of multimerization of the naphthenic 
acids which combine after ionisation. These effects could result from the poor selectivity of 
the matrix material towards the components in the naphthenic acid extracts. Attempts were 
made to improve the spectra by using less matrix material. This was not successful due to 
poor signal-to-noise ratio. Thus the use of the MALDI source was discontinued in this 
thesis. 
The next paragraphs discuss the FAB results on the analysis of the naphthenic acid extracts 
from Field Y. Two matrix materials were used in a sensitivity study for this source: nitro-
benzylalcohol (m-NBA) and a 50/50 vol/vol mixture of m-NBA and triethanolamine 
(TEA). Figure 4.5 presents the spectrum of the Field Y sample analysed with the m-
NBA/TEA matrix. The main matrix peaks can be identified at m/z 153 and 305. Figure 4.5 
also shows two major clusters of ions around m/z 1226 to 1238 and m/z 1239 to 1248, 
which may be associated with the presence of Arn (Baugh et al., 2004). When the 50/50 
vol/vol m-NBA/TEA matrix mixture was used, the sensitivity of Arn detection was 
increased by around 30 % compared to the use of m-NBA alone (data not shown). This 
result is probably due to better charge transfer between the TEA matrix material (which 
contains three hydroxyl alcohols as opposed to one in the m-NBA) and the Arn. Given 
these results it would appear the FAB ionisation source would be suitable for the 
characterisation of naphthenic acids present in soap deposits, since no observable 
fragmentation or multimerization patterns are present.  
Figure 4.6 presents the results of the APCI source used with the same naphthenic acid 
extract from Field Y. The spectrum is dominated by two clusters of ions around m/z 1230 
to 1236 and from m/z 1240 to 1250, which may be attributed to Arn (Baugh et al., 2004). 
Two other clusters were observed with m/z from 1325 to 1332 and from 1342 to 1346, 
however these cannot be ascribed to naphthenic acid species, according to Equation 1.1. It 
is likely these are multimer species artificially generated during the ionisation process. Thus 
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it would also appear that the APCI ionisation source would be suitable for the identification 
of high molecular weight acids, but would not be suitable for general identification of the 
naphthenic acid extracts because of this bias. 
 
 
Figure 4.5. FAB spectrum for the naphthenic acid extract from Field Y soap sample. m-
NBA/TEA matrix. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
m/z
%
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Figure 4.6. APCI spectrum for the naphthenic acid extract from Field Y soap sample. 
 
Figure 4.7 presents the spectrum for the same naphthenic acid extract from Field Y using 
ES.  In this spectrum, ions were detected which indicated the presence of acyclics (fatty 
acids) with 7 to 32 carbon atoms, mono-cyclics with 7 to 34 carbon atoms and bi-cyclics 
with 10 to 35 carbon atoms. This interpretation is based on the corrected m/z signals from 
the spectrum as well as the guidelines from Clemente and Fedorak (2004). The ion at m/z 
126 is due to the presence of an internal standard. An additional cluster of ions between m/z 
1228 to 1236 is also detected and this corresponds to Arn naphthenic acids (Baugh et al., 
2004). Note that the second ionisation species from Arn (between m/z 614 and 618) were 
also detected, but with weaker signals (not clearly observed in Figure 4.7). Thus, the ES 
technique can be used for the analysis of naphthenic acids from other similar field deposit 
samples. 
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Figure 4.7.  ES spectrum of naphthenic acid extract from Field Y soap sample. 
 
Given that three soft ionisation sources, FAB, APCI and ES showed good potential for the 
analysis of naphthenic acids from field deposits (yet yielded different results particularly 
for Arn species and lower molecular weight naphthenic acids), the spectra for these three 
sources were compared. This was done using relative intensity percentages of each single 
spectrum as opposed to the absolute intensity values. Note, matrix and internal standard 
peaks were removed from these calculations. Although individual ionisation efficiencies for 
each naphthenic acid species are not known, conclusions can be obtained by looking at the 
relative proportions of detected MS species, both high and low molecular weights as 
relative percentages. To aid in the interpretations, a standard commercial Acros naphthenic 
acid mixture was also analysed with the same ionisation sources. Results are presented in 
Figures 4.8 and 4.9. 
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Figure 4.8. Comparison of ES, APCI and FAB spectra for naphthenic acid extract from 
Field Y soap sample.  
 
Figure 4.9. Comparison of ES, APCI and FAB spectra for the commercial Acros 
naphthenic acid mixture. 
 
The overall detection of the naphthenic acids by MS is a function of the energy delivered 
by the ionisation sources. In this sensitivity study it was not possible to operate the sources 
using similar energy ranges due to hardware limitations. Nevertheless this was reconciled 
for comparison. The atom gun of the FAB source was operated at 30 keV. However the 
nebulizer current voltage for the APCI was -6 kV which was close to the ionspray voltage 
for the ES which was -4.5 kV.  In Figure 4.8 it can be observed that the FAB spectrum 
shows a high percentage of Arn acids. In FAB, molecular ions are produced by 
deprotonation of naphthenic acids due to charge transfer with the matrix. For homogenous 
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ionisation, the matrix and the solute need to be well-mixed. The molecular weight of the 
matrix used in these experiments was 153 Daltons, thus it would be natural to assume a 
good affinity towards naphthenic acids with similar molecular weight. This can be observed 
both in the field deposit sample, as well in the commercial acid mixture. Figure 4.9 shows 
good recovery yields for the low molecular weight naphthenic acids in the commercial 
mixture when using the FAB source. Nevertheless charge transfer would also be facilitated 
with the Arn species, because of their high polarity if these species were to contain four 
carboxylic acid groups as suggested by Baugh et al. (2005a). Yet, as a result of this 
preferential ionisation, the naphthenic acid species with intermediate molecular weight 
would be less ionised and therefore not detected. For the APCI and ES sources, the 
percentages of Arn were comparable, but only the ES spectrum showed m/z groups 
between 100 and 500. In APCI, ionisation is a function of charge transfer between the 
solvent molecules and the sample molecules generated in a plasma by partial discharge 
around a conductor at a high potential. Samples are not injected in ionised form. Ionisation 
due to charge transfer is facilitated with polar molecules during the corona discharge. It can 
be expected that charge transfer will be favoured by the presence of Arn. This may explain 
the absence of low molecular weight species in the APCI spectrum compared to the FAB or 
the ES. No dielectric constant measurements were carried out on the Arn acids. Yet it can 
be suggested that this acid is more polar than the other naphthenic acid species in the soap 
sample, due to the presence of four carboxylic groups. 
Particular solvents and solvent-solute interactions also play a role in naphthenic acid 
detection by MS. Hsu et al. (1998) compared FAB (using a TEA matrix) and APCI for 
commercial naphthenic acids with different solvents. It was found that the spectra were 
similar, but the APCI results were not as selective towards the lower molecular weight 
naphthenic acids found in the mixture. In further studies, Hsu et al. (2000) demonstrated 
that the ES signal was an order of magnitude lower than APCI, but only for solvents with 
low polarity. This might be attributed to enhanced charge transfer in the APCI source with 
more polar solvents. In ES samples are injected in ionized form by addition of an alkali, for 
instance. Rudzinski et al. (2002) compared both APCI and ES sources with standard acid 
mixtures as well as individual naphthenic acid solutions. In their experiments ES in the 
negative mode was shown to lead to ion generation with no fragmentation. Their results 
also showed that ES had higher sensitivity (three orders of magnitude) than APCI, but this 
was attributed to the addition of ammonia in the sample. The APCI was also observed to 
lead to the formation of dimers.  
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The average molecular weights for commercial naphthenic acid mixtures have a certain 
degree of statistical variation. Nevertheless, reported values in the literature have been 
between 220 and 239 Daltons, with bi-modal type distributions, as a result of a 
predominance of single charged ions (Hsu et al., 1998; Roussis and Lawlor, 2002; 
Rudzinski et al., 2002). This suggests that these commercial mixtures contain a very small 
amount of species above m/z of 400.  Rudzinski et al. (2002) showed that higher m/z 
envelopes for the commercial naphthenic acid mixtures were due to dimer formation. In 
Figure 4.9 the spectra of a commercial naphthenic acid analysed with the same FAB, APCI 
and ES sources are presented. The FAB source again shows a high selectivity for low 
molecular weight acids. The ES shows low signal intensity, however the spectrum is 
consistent with the trends reported in the literature (Hsu et al., 1998; Roussis and Lawlor, 
2002; Rudzinski et al., 2002). The APCI spectrum does not present many m/z species 
below 250, which is rather surprising since the average molecular weight for this sample is 
230. In addition, the spectrum for this source shows m/z species above 400. These species 
are most likely multimers generated during the ionisation process. They do not represent 
true naphthenic acid species in the commercial mixture, since they do not have the 
proposed structure in Equation 1.1.  
The optimum ionisation source for soap and crude oil analysis would ideally need to be 
used for a wide range of naphthenic acid molecular weights as well as feeds (i.e. crude oils 
and their soaps) for fingerprinting purposes. Given the effects discussed with reference to 
Figures 4.8 and 4.9, FAB and ES could potentially be used for this purpose. Despite this, 
the FAB source may present poor sensitivity for naphthenic acid detection with crude oil 
samples. FAB experiments conducted with soap-forming crude oils showed the only 
identifiable peaks were those due to the FAB matrices (data not shown). Thus, the charge 
transfer between the crude oil naphthenic acids (including Arn species) and the matrix did 
not allow for the detection of other naphthenic acids in the soap-forming crude oil sample. 
This could be caused by a combination of viscosity and/or concentration effects. Thus the 
FAB source would be discouraged for naphthenic acid analysis in crude oils given the 
current equipment and experimental conditions detailed in Chapter 3. 
It is also suggested that the APCI source could be used with samples where the 
concentration of Arn acids was low. This is because of the enhanced ionisation effects 
observed for this species with APCI. 
The previously discussed ionisation sources employed very similar low-resolution mass 
analysers. Use of higher resolution analysers with electrospray/nanospray sources is now 
discussed. The electrospray source (ES) was considered the optimum source for naphthenic 
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acid analysis, as a result of the non-biased performances towards the various different acid 
species.  
Figure 4.10 and 4.11 show the spectra for the time-of-flight (TOF-MS) and the Fourier-
Transform Ion cyclotron resonance (FTICRMS) analysers for the naphthenic acid extracts 
from Field Y soap sample, both operated in the negative mode. The resolution of these 
instruments was approximately 7.5 and 1000 times that of the single quadrupole analyser 
used in the acquisition of the spectrum shown in Figure 4.7.  
In Figure 4.10 the TOF-MS spectrum is presented with intensity values on the same scale 
as that of the single quadrupole spectrum in Figure 4.7. It was possible to extend the current 
mass range to include ions up to m/z 3000 with this instrument. The spectrum shows the 
presence of acyclic acids, mono-cyclics and bi-cyclics based on the visible peaks on the 
spectrum as well as the guidelines of Clemente and Fedorak (2004). This is carried out 
using the assignment of the corrected m/z data from the spectra to naphthenic acid species. 
There is also some evidence of the presence of Arn species in the sample at m/z 1232. 
Nevertheless, the overall signals for these species are weaker than that for the single 
quadrupole analyser. The TOF-MS did however increase the sensitivity for the detection of 
lower molecular weight naphthenic acids. 
 
Figure 4.10. TOF-MS spectrum of naphthenic acid extract from Field Y soap sample. 
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Figure 4.11. FTICRMS spectrum of naphthenic acid extract from Field Y soap sample. 
 
Figure 4.11 presents the spectrum for the same sample as given by FTICRMS. The 
spectrum showed the highest sensitivity towards the Arn acid species, when compared to 
Figures 4.7 and 4.10. Despite this, it can be observed that there is a large amount of 
multimer formation, particularly between m/z 400 and 1000. Multimer formation in FTICR 
studies with naphthenic acids from crude oils has been reported in the literature (Rodgers et 
al., 2006). They can be identified by the unusual bi-modal distributions in Figure 4.11, not 
observed in Figures 4.10 (TOF-MS) or 4.7 (single quadrupole). Many of the ions identified 
in this spectra do not correspond to naphthenic acid species according to the guidelines 
discussed in Chapter 3. It is possible that particular equipment fine-tuning could lead to an 
improved FTICRMS spectrum. However, given that the simple single quadrupole 
instrument produced spectra without multimer formation and with no bias towards any 
particular naphthenic acid species (Figure 4.7), it was chosen as the default instrument to 
analyse the remaining samples in this thesis. 
 
4.1.1.2. ES sensitivity study. 
Optimisation of the ES single quadrupole operation applied to the study of naphthenic acids 
was performed. The following variables were examined: ion spray voltage (ISV), nebulizer 
gas (NEB) and curtain gas flow rates (CUR). Table 4.1 presents the experimental matrix 
used in this optimisation. 
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Table 4.1. ES single quadrupole equipment setting sensitivity tests. 
 
Data was acquired over the range m/z 115 to 3000 for each set of instrument parameters. 
The gas flow parameters (NEB and CUR) are digitally set and work off an array of internal 
valves. Exact flow rates can be calculated, but the digital values are most commonly used 
for comparative purposes. The gas pressure supplied to the instrument was 60 psi. The 
minimum value for CUR was 6, since a lower setting would result in collapse of the 
vacuum needed to operate the system. Other settings were kept constant as described in 
Section 3.2.1.1.   
Figures 4.12, 4.13 and 4.14 present the results of the sensitivity study as a function of ISV. 
Spectra for experiments 4 and 5 (variation of NEB and CUR) are not displayed since these 
did not lead to any significant variations compared to that of experiment 1 (Table 4.1).  The 
spectra in Figures 4.12, 4.13 and 4.14 show peaks at around m/z 1230 which can be 
attributed to the Arn. Nevertheless to understand the effect of ISV on the spectrum, 
maximum signal intensity as well as Arn signal intensity in the spectrum needs to be 
discussed. The Arn signal intensity is reduced from 7000 to 270 as the ISV is reduced from 
-4.5 kV to -3.0 kV, while the effect on the non-Arn species is different. In this case the 
signal is reduced from 16000 to 900. This signal deterioration is a direct result of 
incomplete ionisation of the non-Arn species. This can be explained if one considers 
preferential ionisation of the Arn acid due to the presence of four carboxylic acid groups 
compared to the other naphthenic acid structures. This would explain the lower variation in 
the Arn signal with ISV. The spectrum looks remarkably similar to the APCI spectrum 
presented in Figure 4.6 in regards to fragment distribution.  
The results from this section would support the conclusion of preferential ionisation of the 
Arn acid by APCI and may also explain the large percentage of Arn detected in the work of 
Baugh et al. (2004). To support these conclusions a sensitivity test was also performed 
using three solvents: toluene, toluene and methanol (50/50 vol/vol) and toluene, methanol 
and acetonitrile (25/25/50 vol/vol/vol). Table 4.2 presents properties of these solvents to 
help in the interpretation of the results. The equipment used was the ES with the optimum 
Experiment  1 2 3 4 5 
Ion spray voltage  
(ISV) kV -4.50 -3.75 -3.00 -4.50 -4.50 
Nebulizer gas  
setting (NEB) 10 10 10 10 5 
Curtain gas setting  
(CUR) 12 12 12 6 12 
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single quadrupole settings, with the exception of the ISV. Although the optimum setting for 
this variable was -4.5 kV, it was decided that the experiments would be conducted using a 
voltage of -3.75 kV, in order to force the preferential ionisation of the Arn (as per the 
results in Figure 4.13). The results for these tests are presented in Figures 4.15 and 4.16. 
 
 
Table 4.2. ES solvent properties for sensitivity tests. 
 
Figure 4.12. ES spectrum of naphthenic acid extract from Field Y soap sample for 
experiment 1. See Table 4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solvent
Molar 
mass 
(g/mol)
Viscosity 
(cP at 20 oC)
Dipole Moment 
(D)
Toluene 92.14 0.59 0.36
Methanol 32.04 0.59 1.69
Acetonitrile 41.05 0.35 3.90
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Figure 4.13. ES spectrum of naphthenic acid extract from Field Y soap sample for 
experiment 2. See Table 4.1. 
 
 
Figure 4.14. ES spectrum of naphthenic acid extract from Field Y soap sample for 
experiment 3. See Table 4.1. 
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Figure 4.15. ES spectrum of naphthenic acid extract from Field Y soap sample in three 
solvents: a) toluene, b) toluene and methanol and c) toluene, methanol and acetonitrile. 
 
 
 
 
 
0.0E+00
1.0E+03
2.0E+03
3.0E+03
4.0E+03
5.0E+03
6.0E+03
7.0E+03
8.0E+03
9.0E+03
1.0E+04
150 350 550 750 950 1150 1350 1550 m/z
In
te
n
sit
y
a)
0.0E+00
1.0E+06
2.0E+06
3.0E+06
4.0E+06
5.0E+06
6.0E+06
7.0E+06
8.0E+06
9.0E+06
1.0E+07
150 350 550 750 950 1150 1350 1550 m/z
In
te
n
sit
y
b)
0.0E+00
5.0E+06
1.0E+07
1.5E+07
2.0E+07
2.5E+07
3.0E+07
3.5E+07
4.0E+07
150 350 550 750 950 1150 1350 1550 m/z
In
te
n
sit
y
c)
 79 
 
Figure 4.16. ES spectrum of naphthenic acid extract from Field Y soap sample in three 
solvents: a) toluene, b) toluene and methanol and c) toluene, methanol and acetonitrile. 
 
Figure 4.15 shows the spectra for the three different solvent combinations plotted as a 
function of absolute intensity values. The overall signal intensity increases with the addition 
of methanol or a methanol/acetonitrile mixture (up to three orders of magnitude) compared 
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to when toluene alone is used. The intensity of peaks associated with the Arn naphthenic 
acid increases only when acetonitrile is present. Methanol and acetonitrile have higher 
dipole moments which aid charge transfer. Molecules of these solvents have lower molar 
mass compared to toluene. This would aid the formation of the aerosol spray used by the 
ES source (although this effect is less pronounced with methanol since its viscosity is very 
close to that of toluene). Nevertheless, with methanol, a higher percent of lower molecular 
weight naphthenic acids are ionised. When acetonitrile is added, it appears the high dipole 
moment of the solvent (3.9 D) is leading to preferential ionisation of the Arn acids. This has 
a direct effect on the detection of the remaining lower molecular weight naphthenic acids. 
Arn species may be considered more polar due to the suggested presence of four carboxylic 
acid groups as reported by Baugh et al. (2005a). The preferential detection of Arn can be 
observed in Figure 4.16. The Arn acids are predominant in the spectrum, yet their relative 
percentage is only 0.5 %, based on MS signal response. Toluene on the other hand 
produced the highest percentage of Arn acids (4 %) in addition to a range of other 
naphthenic acids at lower molecular weights. Arn is not the predominant species in this 
spectrum. The results thus point to favoured ionisation of the Arn species when high 
polarity solvents are used with ES. 
An overall fingerprint of the naphthenic acid species would be required for a mechanistic 
study of soap deposition, as opposed to favoured detection of Arn acids. Thus, this 
information was used to select toluene as the main solvent for the remaining ES analysis in 
this thesis. Note however that acetonitrile was used in experiments to study the Arn acid in 
more detail and these are discussed in Chapter 6. 
 
4.1.1.3.  Naphthenic acid speciation of field soap samples. 
Figures 4.17 to 4.21 present the ES spectra of the various field deposits studied in this 
thesis, using the optimum equipment and solvent settings detailed in Table 4.3. 
Interpretation was carried out by inspection of the m/z values using the guidelines of 
Clemente and Fedorak (2004). 
 
 81 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.3. ES single quadrupole optimum settings. 
 
Note* = a further dilution was carried out with 2-propanol to aid ionisation and increase sensitivity, but only 
for Field W samples, as described in section 3.2.1.1. 
 
 
Figure 4.17. ES spectrum of naphthenic acid extract from Field Y soap sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18. ES spectrum of naphthenic acid extract from Field X soap sample. 
ES PESciex 150EX 
Analyser single quadrupole 
Ionspray voltage (ISV) kV -4.5 
Nebulizer and curtain gas nitrogen 
Nebulizer gas (psi) >10 
Curtain gas  (psi) > 12 
Pump flow rate (µl/min) 10 
Source temperature (oC) 350 
Internal standard (g/l) benzoic acid 0.08 g/l 
Solvent 
 
toluene & 0.1 wt% aq. 
ammonia * 
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Figure 4.19. ES spectrum of naphthenic acid extract from Field Z soap sample. 
 
 
Figure 4.20. ES spectra of naphthenic acid extract from Field U soap sample. 
 
Figure 4.21. ES spectra of naphthenic acid extract from Field W soap sample. 
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The spectrum for Field Y sample in Figure 4.17 contains a cluster of ions at m/z 1230 
associated with Arn, and a range of other low molecular weight naphthenic acid species. 
The spectrum for Field X sample (Figure 4.18) has m/z ions indicating the presence of 
acyclics, mono-cyclics and bi-cyclics, as suggested by the guidelines of Clemente and 
Fedorak (2004). Similar to the sample from Field Y, Field X sample also contains ions 
attributed to Arn species at m/z 1228 and 1236, but with lower intensity. Figure 4.19 shows 
the spectrum for the sample from Field Z, in which a range of acyclic and mono-cyclic 
species are predominant (Clemente and Fedorak, 2004). The ion clusters at m/z 1230 
representing Arn are also observed. Figure 4.20 contains the spectrum for the Field U 
sample. The peaks associated with Arn acids between m/z 1226 and 1238 are observed and 
have high intensity, in addition to species between m/z 1268 and 1272. In Figure 4.21 the 
spectrum of Field W sample is presented, which shows a strong presence of acyclic acids 
with species between 7 and 33 carbon atoms. There was no evidence of higher molecular 
weight naphthenic acids or Arn, even after dilution, for this particular sample.  
An MS spectrum for the deposit sample from Field T was acquired up to higher m/z values 
using different equipment. The set-up used for this purpose was a TOF-MS instrument and 
further equipment details have been included in Section 3.2.1.1. The justification for the use 
of this equipment was that Field T sample constituted an asphaltene deposit, and therefore 
could contain species outside of the m/z 1500 envelope given by the ES single quadrupole 
approach. Figure 4.22 presents the spectrum obtained for the sample from Field T. This 
sample shows one major ion at m/z 208 which can be attributed to a bi-cyclic naphthenic 
acid species (Clemente and Fedorak, 2004). There are other low intensity signals which 
may be assigned to naphthenic acid structures with more than one ring. Other m/z species 
could not be matched to naphthenic acid species using Equation 1.1, and thus probably 
represent other types of chemical families with even heteroatom structures.  
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Figure 4.22. TOF-MS spectrum of deposit sample from Field T. 
 
Figures 4.23 to 4.27 present the statistical speciation of the naphthenic acids in the 
naphthenic acid extracts from Figures 4.17 to 4.21, according to carbon number and 
hydrogen deficiency (Z), following the procedures described in Section 3.2.1.1. It is 
assumed that all non-Arn naphthenic acid components (i.e. m/z values below 1220) can be 
assigned according to Equation 1.1. Isomers, however, cannot be distinguished using the 
low-resolution techniques employed for the soap sample analysis. Moreover, naphthenic 
acids are assumed to be the only acidic groups given by the low-resolution MS instruments 
used in this work. Validation of this needs to be carried out using other techniques such as 
MS/MS. Note that the results are qualitative, since the exact ionisation efficiencies of each 
individual naphthenic acid family are not known. In the statistical analysis, internal 
standards were removed from the calculations. The Arn species were assigned to molecular 
weights at or above m/z 1220 and below m/z 1250. The empirical formula proposed for the 
Arn naphthenic acids by Baugh et al. (2005b) was used: CnH2n+ZO8, and the carbon number 
and hydrogen deficiency for this species was set to 80 and –10 respectively. Note that the 
Field T sample was not included in this speciation since many of the m/z species given in 
Figure 4.22 probably do not represent naphthenic acids.  
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Figure 4.23. Speciation of naphthenic acid extract from Field Y sample in terms of carbon 
number and hydrogen deficiency (Z). Legend represents Z values. 
 
Figure 4.24. Speciation of naphthenic acid extract from Field X sample in terms of carbon 
number and hydrogen deficiency (Z). Legend represents Z values. 
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Figure 4.25. Speciation of naphthenic acid extract from Field Z sample in terms of carbon 
number and hydrogen deficiency (Z). Legend represents Z values. 
 
 
 
Figure 4.26. Speciation of naphthenic acid extract from Field U sample in terms of carbon 
number and hydrogen deficiency (Z). Legend represents Z values. 
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Figure 4.27. Speciation of naphthenic acid extract from Field W sample in terms of carbon 
number and hydrogen deficiency (Z). Legend represents Z values. 
 
 
Figure 4.28. Naphthenic acid families in naphthenic acid extracts from field deposit 
samples as given by hydrogen deficiency (Z). Note, 0 = acyclics, 2 = mono-cyclics, 4 = bi-
cyclics, 6 = tri-cyclics, 8 = tetra-cyclics, 10 = penta-cyclics and 12 = hexa-cyclics 
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Table 4.4. Arn percentage for different soap samples as a function of the ES signal 
intensity. 
 
The speciation of soap samples from Fields Y, X, Z and U are presented in Figures 4.23 to 
4.26. These samples showed a range of naphthenic acid components, mostly with 15 and 40 
carbon atoms. According to the overall speciation in Figure 4.28, acyclics, mono-cyclics, 
bi-cyclics and penta-cyclics are predominant. This means that all major naphthenic acid 
groups (acyclic, one ring, two rings, etc) have similar concentrations in the samples. Arn 
naphthenic acids were observed for these samples, although high concentrations of these 
species were only found for samples from Fields U and Z as illustrated in Table 4.4. The 
percentage of Arn were calculated based on the normalised MS signals. 
Field W sample however presents a different naphthenic acid distribution as given by 
Figure 4.27. Acyclic acids were observed to be the predominant in this sample (55 %) with 
the majority of species having between 9 and 19 carbon atoms. Field W sample is a sodium 
carboxylate soap emulsion sample from the Far East. Gallup et al. (2004) also reported 
analysis for a soap emulsion consisting of fatty acids and suggested they are responsible for 
stabilising emulsions. Data presented in Chapter 6 will support the effect of these 
naphthenic acid species on the formation of different types of soaps in the laboratory. 
Mediaas et al. (2005) claimed the Arn acids were the main species which constituted the 
calcium naphthenate soap scale deposits based on the analysis carried out on derivatized 
acids from one field sample. The results in this thesis for calcium naphthenate soap scale 
samples (Fields X, Y, Z) clearly indicate that the Arn acid is not the predominant 
naphthenic acid in these samples. The differences in Arn detection in this thesis in 
comparison to other work are most probably due to the exact soap sample treatment and 
equipment settings.  More specifically, Baugh et al. (2005a) and Mediaas et al. (2005) used 
a combination of polar solvents (i.e. acetonitrile) and sources which favour Arn ionisation 
(i.e. APPI). The results in this thesis show that Arn can be unequivocally identified using 
mass spectrometry. However, different source solvent combinations would be used for 
either a general crude oil fingerprinting as opposed to Arn focus and detection. 
Field Arn % 
Z 31.1 
U 10.9 
Y 2.0 
X 0.1 
W 0 
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4.1.2. Fourier-Transform infrared spectroscopy of naphthenic acid extracts. 
In Figures 4.29 to 4.32 the band intensities for different naphthenic acid extracts are 
presented expressed as transmittance [T]. The annotated bands are assigned in Table 4.5 
and interpretation was carried out according to the guidelines of Silverstein et al. (1991). 
Note that Field U and Field T deposit samples were not tested using this technique since 
these are not soap deposits. Water was used to prepare the acetic acid solutions for the 
dissolution of the soap samples prior to analysis as per the procedures in Section 3.2.2. 
However, the vibration band of water at 3450 cm-1 is not observed in any of the samples 
analysed in this thesis. Thus, samples can be said to be reasonably free of water 
contamination. 
 
Figure 4.29. FTIR for naphthenic acid extract from Field X sample. 
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Figure 4.30. FTIR for naphthenic acid extract from Field Y sample. 
 
Figure 4.31. FTIR  for naphthenic acid extract from Field Z sample. 
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Figure 4.32. FTIR  for naphthenic acid extract from Field W sample. 
 
The spectra in Figures 4.29 to 4.31 show a number of common features. Peaks 1, 2 and 5 
can be attributed to absorbance bands characteristic of CH, CH2 or CH3. CH and CH2 
stretches are usually observed in the 2926 to 2890 cm-1 range, as opposed to the CH3 band 
which is usually observed in the 2962 to 2872 cm-1 range. However the current spectra do 
not allow these to be distinguished clearly.  The exact differentiation of CH, CH2 and CH3 
was however possible using NMR and this is shown in Section 4.1.3. In the spectra in 
Figures 4.29 and 4.31 there is also evidence of hydrocarbon in-plane bending or rocking 
given by peak 7. There is weak evidence of mononuclear aromatic hydrocarbons in the low 
frequency range. These are very weak signals (peak 6) for out-of-plane bending of the C-H 
aromatic bonds. There is also evidence of a weak band for C-C aromatic stretching (peak 
3). It is likely these hydrocarbon peaks are a result of crude oil residue, which was 
originally embedded in the field deposits and was retained during the naphthenic acid 
extraction procedure.  
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Band Wavelength (cm -1) Assignment 
1 ~2900 to 2700  Symmetrical stretching CH, CH2 or CH3 
2  ~2900 to 2700  Symmetrical stretching CH, CH2 or CH3 
3  ~1600 C-H stretching (aromatics) 
4 ~1700  Dimer C=O stretch (carbonyl) 
5  ~1450 Scissoring vibration CH2 
6  ~900 to 600 C-C stretching (aromatics)  
7 ~720  In plain rocking CH2 
8  ~1200 to 1000 C-O stretch (carbonyl) 
9  ~1400 to 1350 Scissoring vibration CH2 with some O-H bending (carboxyl) 
10 ~900  Bonded O-H groups (carboxyl) 
11  ~1000 Out-of-plane C-H bendings (aromatics) 
 
Table 4.5. Assignment of FTIR bands in the naphthenic acid extracts. 
 
Hydrogen bonding may occur in naphthenic acid solutions, particularly when dimers are 
formed. These may have a direct effect on the force of the carboxylic acid groups. In 
addition, concentration effects may affect both stretching and bending vibrations of 
naphthenic acids. Stretching C=O vibrations are usually reduced to a lesser extent than the 
stretching of the proton donor OH groups. For the naphthenic acid extracts in Figures 4.29 
to 4.31, there are bands which may be attributed to C=O stretches (peak 4). Furthermore, an 
O-H stretch may also be attributed to carboxyl groups, usually at wavenumbers greater than 
3200 cm-1. There is evidence that this signal might be overlapping with the strong 
symmetrical C-H stretching bands. Thus, the O-H stretch could not be observed directly in 
any of the FTIR spectra for the naphthenic acids from the field soap samples. However, 
weak additional evidence of carboxylic acid functionalities can be observed in the C-O 
stretches in peak 8 (though only in Figure 4.30). In addition, O-H bending vibrations 
(between 1440 to 1395 cm-1) occur as a moderate intensity band, but this is also 
superimposed with the scissoring vibration of the C-H groups (peaks 1 and 2). There is also 
evidence in some of the spectra of weak out-of-plane bends for bonded O-H groups, as can 
be observed in peak 10. This is typical fingerprinting for dimeric carboxylic groups, 
identifiable with a characteristic signal around 920 cm-1 (Silverstein et al., 2005).  
In Figure 4.32, the results for the naphthenic acids from Field W sample are presented. 
There are only hydrocarbon bands in this spectrum. The absence of the C=O carboxylic 
stretching bands at 1740 to 1750 cm-1 for monomers and from 1700 to 1735 cm-1 for dimers 
is probably an indication of low acid content in the naphthenic acid extract for this sample.  
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4.1.3. Solution nuclear magnetic resonance of naphthenic acid extracts.  
Solution NMR results for the naphthenic acid extracts of the field deposits are now 
discussed. Samples from Field U and Field T were not evaluated since these did not 
represent soaps. Chemical shift assignments were carried out according to the published 
guidelines of Silverstein et al. (1991). Figure 4.33 presents the 1H NMR spectra for all 
naphthenic acid extracts. Two well-resolved peaks between 1.5 and 0.8 ppm are observed 
which can be assigned to aliphatic alicyclic species. Some evidence of bi-substituted 
aliphatic species is also observed around 3.5 ppm. Very weak peaks which account for 
chemical shifts of trace impurities may be observed at around 1.5 ppm (water), 2.1 (acetic 
acid) and 2.3 (toluene). 1H NMR is more sensitive than FTIR, and hence the reason that 
these contaminants were not observed in FTIR. A large peak at about 7.2 ppm was 
observed in all samples and can be ascribed to the deuterated chloroform used for 
preparation. Carboxylic protons are usually observed in 1H NMR spectra between 13.2 and 
10 ppm, as a result of stable hydrogen-bonded dimers formed from the OH groups. These 
peaks were not observed in any of the spectra. This result does not match the trends 
reported by Baugh et al. (2005a).  It is likely this is due to concentration effects, which also 
resulted in poor FTIR spectra as discussed in Section 4.1.2. However, the presence of 
aliphatic alicyclic species given by the 1H NMR results are in agreement with those 
reported by Baugh et al. (2004) and Brandal (2005) who analysed other soap samples.  
Figure 4.34 presents 13C NMR solution spectra for the same samples as those presented in 
Figure 4.33. The 13C NMR traces consist of peaks between 40 and 10 ppm, centred around 
30 ppm. These may be ascribed to acyclic hydrocarbons. The sharp peaks at 77 ppm may 
be assigned to the CH carbon from the deuterated chloroform used for sample preparation. 
The weak hump between 130 and 125 ppm is due to trace amounts of toluene, which was 
also used for sample preparation. Carboxylic carbons are usually found in the 185 to 150 
ppm range; yet in the samples analysed in this thesis carboxyl groups were not identified. 
These results are in sharp contrast to the data of Baugh et al. (2004) who were able to show 
carboxylic carbons for derivatized naphthenic acids from soap samples. The derivatization 
procedure employed by these authors was aimed at producing methyl esters with lower 
boiling points compared to the original naphthenic acids. This was tailored to aid 
identification by MS, but also might have had an impact on detection of the carbonyl signal 
in NMR.  
 
 
 
 94 
 
a) 
 
b) 
 
c) 
 
d) 
 
Figure 4.33. 1H NMR spectra for naphthenic acid extracts from field deposit samples. a) 
Field Y, b) Field X, c) Field Z, d) Field W. 
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Figure 4.34. 13C NMR spectra for naphthenic acid extracts from field deposit samples. a) 
Field Y, b) Field X, c) Field Z, d) Field W. 
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Figure 4.35. DEPT 13C NMR spectra for naphthenic acid extracts from field deposit 
samples. a) Field Y, b) Field X, c) Field Z, d) Field W. 
ppm 0180 40 2060100 80140 120160
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The DEPT 13C NMR spectra (Figure 4.35) allows the number of protons directly attached 
or coupled to an individual 13C nucleus to be assigned. The spectra must be compared to the 
previous spectra in Figure 4.34 which presents the proton decoupled carbon information. In 
DEPT spectra, CH3 and CH are phased up, whereas CH2 are phase down. In Figure 4.35, it 
can be observed that the overwhelming majority of coupled peaks are resulting from CH2 
groups. There are also indications of CH and CH3 groups, but the signals are less intense. 
No quaternary carbons were detected for the soap samples.  
In conclusion, hydrocarbon resonances were observed to be predominant in the 13C NMR 
solution spectra of the naphthenic acid extracts. This could not support the evidence of 
carboxylic groups in the acid extracts, as suggested by some of the FTIR results. In 
addition, no further conclusions could be reached in regards to possible structures in the 
naphthenic acid extracts in these samples. To eliminate the possible influence of 
concentration effects, solid-state 13C NMR was employed with the field deposit samples in 
natura, and these results are discussed next. This also enabled the characterisation of the 
deposits sampled from Fields U and T which were not soap deposits per se. 
 
4.1.4. Solid State nuclear magnetic resonance of field deposits. 
Solid state 13C NMR spectra were obtained for all field deposit samples. Figure 4.36 
presents some of the results using the cross polarisation (CPMAS) method for the deposit 
sample from Field Y. Spectrum referencing was carried out relative to a tetramethylsilane 
reference. Peaks can be observed in two main ranges of the spectrum: 46 to 19 ppm and 
185 to 178 ppm. Table 4.6 presents a compilation of chemical shifts taken from the 
literature for species containing carboxylic groups as well as some reference hydrocarbons 
(Silverstein et al., 2005). It should be noted that the chemical shifts are for solution NMR. 
However this data should be close to solid state values, but not necessarily identical. This 
data may be used in the interpretation of the results for the deposit sample from Field Y, as 
well as the signals from the DEPT spectra in Figure 4.35. Table 4.6 shows that methyl-
terminated linear chains (CH3) result in a low-frequency signal between 14 and 9 ppm. 
There are no signals in this range for the deposit from Field Y in Figure 4.36.  In addition, 
methyl-terminated linear chains do not give signals above approximately 36 ppm. There is 
a significant amount of these signals in Figure 4.36. The cycloaliphatic compounds detailed 
in Table 4.6 have signals in the range of those shown for the deposit sample from Field Y. 
This is true for species where the carboxyl group is a substitute of the ring (C acid) and 
when there is an aliphatic chain separating the ring and the carboxylic group (Ring CH). In 
addition, Figure 4.36 shows a signal at 19 ppm. A methyl group directly attached to a ring 
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could account for this, but a methyl in any other position would occur at significantly lower 
frequencies. The highest frequency signal from the carbon bonded to the acid occurs for 
secondary acids according to Table 4.6. Additional dipolar dephasing (DD) experiments 
confirmed the peak at 19 ppm could be the result of a methyl carbon (results not shown). 
The peak around 180 ppm is consistent with carboxylic acid carbons. Despite the lower 
sensitivity of solid state 13C NMR, the results are comparable to those presented by Baugh 
et al. (2005a) using solution 13C NMR. Thus the most likely structures present in the 
deposit sample from Field Y would be cyclic structures with aliphatic chains separating the 
ring from the carboxyl group, preferentially. 
 
Figure 4.36. 13C NMR CPMAS spectrum for deposit sample from Field Y. 
 
Figure 4.37 presents the 13C NMR spectra for two additional field deposit soap samples. 
The results support the previous conclusions in regards to the fingerprinting for the deposit 
sample from Field Y, e.g. the presence of a carboxylic acid carbon, and the presence of 
both cyclic and straight chain carbon backbones. The spectrum for the deposit sample from 
Field W is presented in Figure 4.38.  Owing to sample viscosity, a normal spinning 
CPMAS experiment did not result in good spectrum. The only observable signal is 
consistent with CH2 from a linear hydrocarbon chain. As a compromise, a slow-spinning 
direct polarisation (DP) experiment was carried out. This is very similar to a solution NMR 
 99 
experiment but without cross polarisation. The spectrum is presented in Figure 4.39. The 
DP experiments produced a spectrum showing a range of aliphatic signals. In addition, the 
broad line at 110 ppm is a background signal from the material in the rotor (teflon). No 
carboxylic acid carbon signal was observed for this sample. This is also probably due to 
concentration effects, e.g. low carboxylic acid amounts in the sample.  
 
Species CH3                 
C  
Next 
 to CH3
Ring  
CH 
C 
acid COOH
Dodecanoic 14.1 22.8 24.8 29.2 29.3 29.4 29.5 29.7  32.0  34.2 180.7 
Octanoic 14.1 22.7 24.8 29.0 29.2     31.8  34.3 180.8 
Hexanoic 13.9 22.4 24.5       31.4  34.2 180.8 
Pentanoic 13.7 22.3        26.9  34.0 180.9 
Butanoic 13.7         18.4  36.2 180.7 
Propionic 8.9           27.6 181.5 
Cyclohexane 
carboxylic  25.5 25.8 28.9        43.1 183.0 
Cycloheptane 
carboxylic   26.3 28.4      30.7  44.9 183.9 
Cyclohexyl  
ethanoic   26.1 26.2      33.1 42.1 34.7 180.0 
Cyclohexyl 
butanoic  22.1 26.4 26.7      33.3 37.4 34.4 180.5 
Methyl 
cyclohexane 23.0 26.5 26.6       35.6 32.9   
Ethyl  
cyclohexane 11.4 26.6 26.9      30.2
b 33.2 39.7   
Butyl  
cyclohexane 14.2 26.6 26.9  29.3
b
 23.1b   37.4b 33.6 37.8   
2-ethylbutyric  
acid 11.8  24.9         48.9 183.3 
2-ehtylhexanoic 
acid 11.8
b
 14.0 22.8 25.3 30.0    25.3b 31.6  47.3 183.3 
Note: Blank cells = signal absent,  b = branched, C acid = carboxyl group is a substitute to the ring, Ring CH = there is a chain 
separating the carboxyl group from the ring. 
Table 4.6. Chemical shift template list for selected naphthenic acids and hydrocarbons 
(Silverstein et al., 2005).  
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a) 
 
b) 
Figure 4.37. 13C NMR CPMAS spectra for deposit sample from Field Z (a) and Field X 
(b). 
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Figure 4.38. 13C NMR CPMAS spectrum for deposit sample from Field W. 
 
 
 
Figure 4.39. 13C NMR DP spectrum for deposit sample from Field W. 
 
Both CPMAS and DP experiments were also carried out for the deposit sample from Field 
U. The CPMAS spectrum produced very low signal-to-noise ratio and is shown in Figure 
4.40. It can be observed that overall fingerprinting for this sample is very different to those 
of the soap samples shown in Figures 4.36 and 4.37. This sample is more gel-like and the 
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trace in Figure 4.40 suggests relatively mobile components, which is consistent with a large 
number of narrow lines in the DP spectrum shown in Figure 4.41. This sample also presents 
aliphatic signals between 40 and 18 ppm. Interestingly, a carboxylic acid carbon signal at 
176 ppm can also be observed. This signal is somewhat sharper than those observed for the 
samples in Figures 4.36 and 4.37, which may suggest a smaller range of compounds is 
contributing to it. This sample also presents aromatic signals at 120 ppm and a signal at 110 
ppm, the latter being due to background teflon material in the rotor. However, the biggest 
differences observed in this sample compared to those in Figures 4.36 and 4.37 are the 
presence of signals between 80 and 60 ppm. These may be attributed to alcohol or ether 
species. It is likely that the alcohol and ether peaks are due to the chemical inhibitor used to 
mitigate this soap in field conditions. Figures 4.42 and 4.43 show 13C NMR spectra for the 
deposit sample from Field T. This deposit consisted of an asphaltene sample. Two sub-
samples of this deposit were analysed by 13C NMR: the first in natura (Figure 4.42), and 
the second which was treated with 100 ml of a toluene wash (Figure 4.43). The spectra in 
Figures 4.42 and 4.43 appear similar to the solution 13C NMR of asphaltene fractions 
separated from crude oils in laboratory conditions (Anchyeta et al., 2002). Two clear 
regions of aromatic carbons (between 135 to 115 ppm and from 200 to 95 ppm) and a 
region of aliphatic carbons (40 to 0 ppm) can be observed. The aliphatic signals are located 
in the same range as in the soap spectrum of Figure 4.36. The signals between 200 and 195 
ppm correspond to spinning sidebands. The spectrum of the sample subjected to the toluene 
wash (Figure 4.43) contains weaker aromatic signals (which could indicate removal of 
many aromatic asphaltene components). Despite the toluene wash, no evidence of any 
signal due to naphthenic acids was observed in the asphaltene deposit (e.g. carboxylic acid 
carbon at 180 ppm). 
In summary, the solid-state 13C NMR spectra allowed for a better chemical differentiation 
of the parent naphthenic acids in the field soap deposit samples (Field X, Y, Z). In addition, 
13C NMR allowed for the observation of possible chemical inhibitor families used to 
mitigate field soap samples (Field U). An asphaltene deposit was also analysed for the 
presence of naphthenic acids (Field T). No evidence of naphthenic acids was observed from 
these tests in the asphaltene samples. 
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Figure 4.40. 13C NMR CPMAS spectrum for deposit sample from Field  U. 
 
Figure 4.41. 13C NMR DP spectrum for deposit sample from Field U. 
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Figure 4.42. 13C NMR CPMAS spectrum for deposit sample from Field T in natura. 
 
 
Figure 4.43. 13C NMR CPMAS spectrum for deposit sample from Field T (after toluene 
wash). 
 
 
 
 
 
 
 105 
4.2. Thermal behaviour of field samples. 
The thermal analysis of the field samples are discussed next using results from both TGA 
and DSC. Figure 4.44 shows the TGA profile for a series of samples from Field Y namely: 
a separator crude oil, the corresponding field soap deposit, the clean calcium soap scale as 
well as the indigenous naphthenic acids from this deposit.  
 
Figure 4.44. TGA of samples from Field Y. Indigenous acids refer to the acids extracted 
from the clean calcium soap. Clean calcium soap refers to the field soap sample after crude 
oil removal. 
 
The trend of the indigenous naphthenic acids was used as a template for interpretation.  It 
was expected that their properties would determine the overall thermal characteristics of 
Field Y samples. It can be seen in Figure 4.44 that the indigenous acids show gradual 
weight loss from ambient to around temperatures of 400 °C, whereupon more significant 
weight loss occurs. Further weight loss is observed between 500 and 600 °C. The TGA 
profile for the clean calcium soap is remarkably similar to that of the indigenous naphthenic 
acids. A major weight loss transition is observed at 470 °C, with a small weight loss prior 
to this at 50 °C. Two further weight losses are seen at 600 and 700 °C. Compared to the 
TGA of the indigenous naphthenic acids, it can be seen that the clean calcium soap is more 
thermally stable at 500 °C: 20 wt% of the original sample weight is present at this 
temperature, as compared to less than 10 wt% for the indigenous naphthenic acids. The 
high melting point of the indigenous naphthenic acids used in this thesis may be explained 
by the presence of carboxyl groups, which may be involved in strong hydrogen bonding 
(Morrison and Boyd, 1979). In salts of carboxylic acids, the strong electrostatic forces 
0
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holding the ions in the lattice can only be overcome by high temperatures. The temperature 
required for melting these salts is so high that carbon-carbon bonds may break, leading to 
the decomposition of the molecule around 300 to 400 °C (Morrison and Boyd, 1979). 
However, as can be observed in Figure 4.44, the clean calcium soap is stable at 
temperatures well above this. The DSC data for the same samples from Field Y are 
presented in Figure 4.45. The DSC results for the indigenous naphthenic acids are 
characterised by 4 or 5 endothermic transitions across the entire temperature range tested. 
The most significant is at 450 °C, but there are others at 91, 205 and 365 °C. There is good 
agreement with the TGA data from Figure 4.44, where a major weight loss transition was 
observed at 470 °C. It is very likely that the endothermic features observed above 400 °C 
represent phase transition from solid to vapour, where the soap structure begins to break. 
For the clean calcium soap, these endotherms are also observed, but two other features are 
also present: an endotherm transition at 71 °C and an exotherm at 196 °C. The transition at 
71 °C represents a weight loss of 1.85 % which could be solvent evaporation. Since no 
weight loss occurred at 196 °C (as shown by TGA in Figure 4.44), it is likely that this 
exotherm represents crystallisation or a solid-solid phase transition associated with solvent 
removal. Weight losses above 600 °C could not be analysed due to DSC hardware limits.  
The main thermal analysis feature of the clean calcium soap from Field Y, the endotherm at 
470 °C, is also observed in the deposit sample from Field Y as shown in Figure 4.44. 
However it could not be identified in the parent crude oil. This may be attributed to 
components which are in higher concentrations in the soaps than in crude oils, such as 
naphthenic acids or their salts, which have been removed from the parent crude oil due to 
precipitation. Both TGA and DSC trends for the indigenous naphthenic acids (which are 
salt-free) are also observed in the clean calcium soap. It is likely that the thermal trends are 
therefore a result of the main structures present in the indigenous naphthenic acids.  
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Figure 4.45. DSC of samples from Field Y. Indigenous acids refer to the acids extracted 
from the field soap. Clean calcium soap refers to the field soap sample after crude oil 
removal. 
 
Figure 4.46 presents the TGA profiles for the field deposit samples from other geographical 
regions. The sample from Field T shows a very different trend from the other deposits. It 
can be observed that it is thermally stable even at 1000 ºC, where 40 wt% of the original 
sample remains. Work by Ali and Alqan (2000) has shown that asphaltene solids taken 
from field samples are stable up to 800 °C (45 wt% of the original sample remaining at this 
temperature). The authors attributed the stability above 650 °C to inorganic species 
entrained in the asphaltenes, although precise quantification and identification was not 
presented. 
The deposit sample from Field W showed evidence of trends commonly associated with 
glass transitions around 36 and 56 °C in the DSC profile. This information is shown in 
Figure 4.47.  The deposit sample from Field W also shows large endotherms between 100 
and 150 °C which agree with the TGA profile, probably due to loss of water and solvent 
entrained in the deposit. The deposit samples from the remaining fields show a more 
gradual weight loss over the temperature range studied with noticeable changes occurring 
before 500 ºC. Samples from Fields X, Z and U, on the other hand, are characterised by one 
major weight loss transition at 470 °C (Figure 4.46). This is consistent with the pattern 
observed in Figure 4.44 for the sample from Field Y.  
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Figure 4.46. TGA of selected field deposits. Samples represent soaps from the different 
fields analysed in this thesis (note Field T is an asphaltene deposit). 
 
Figure 4.47. DSC soap sample from Field W. Arrows represent possible glass transition 
temperatures. 
 
Figure 4.48 presents the DSC of the remaining field deposits analysed in this thesis. There 
is good qualitative agreement of the samples from Fields X, Z and U with that of Field Y 
shown in Figure 4.44, particularly above 150 °C, after water and other solvents have been 
removed. These deposits also show a major endotherm at around 470 °C, while the samples 
from Field T and Field W do not. The deposit sample from Field U also showed high 
thermal stability, even though this sample was not a calcium naphthenate soap scale deposit 
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per se (further EDAX results in this chapter will support this). Because this sample is not a 
soap, it can be suggested that its inherent thermal stability may be due to the indigenous 
naphthenic acids it contains. The deposit from Field U presented the highest concentration 
of Arn in the indigenous acids found in this thesis (see Table 4.4). Thus, results in this 
section suggest that thermal stability may be a result of the Arn present in these samples. 
However further tests would need to be carried out to support this claim, such as, thermal 
analysis directly on the separated Arn species from the indigenous acids. 
 
Figure 4.48. DSC of selected field deposits. Samples represent soaps from the different 
fields analysed in this thesis (note Field T is an asphaltene deposit). 
 
4.3. Elemental composition.  
Figure 4.49 contains digital images of the field deposits analysed in this thesis. The deposits 
showed two end-member types of textures: rock-hard consistency (Fields X, Y, Z and T) 
and soft sludge type (Fields U and W). Most deposits had a dark, black-brown colouring, 
with the exception of Field W which was a much lighter brown, similar in shade to a “café-
latte”.  Field T also exhibited some differences in respect to the other samples since it was 
very shiny, flaky and brittle.  A sensitivity study was conducted with samples from Field Y, 
Field W and Field T to gain information on the inorganic constituents present. Techniques 
used were elemental analysis, energy dispersive X-ray (EDAX) and X-ray fluorescence 
(XRF).  
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Figure 4.49. Morphological analysis of field deposits. 
 
4.3.1. Elemental analysis.  
Table 4.7 presents the elemental analysis of selected field deposits as given by the Leco 
instrument and procedure details in Section 3.4.1. Note oxygen was not measured in this 
test. Thus, empirical formulae for the deposit naphthenic acids will not be proposed. 
 
 
 
 
 
Note:  C= carbon, H = hydrogen, N = nitrogen, DBE = double bond equivalent.  
 
Table 4.7. Elemental analysis of selected field samples. 
 
Saab et al. (2005) showed that naphthenic acids extracted from crude oils had C/H atomic 
ratios around 7.1.  The three field deposits analysed here showed different elemental 
compositions as given in Table 4.7. Common crude oil solubility fractions (which contain 
naphthenic acids) may have low C/H values, as in resins (e.g. lower than 9), or high C/H 
Sample C H N C/H DBE 
Field W 52.9 10.7 0.4 4.9 88.9 
Field Y 71.6 10.3 0.2 6.9 91.8 
Field T 82.5 7.9 0.7 10.4 94.2 
Field YField W
Field X
Field U Field T
Field Z
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values, as in asphaltenes (e.g. higher than 10) (Acevedo et al., 1985). The C/H data as well 
as the DBE values in Table 4.7 suggest increasing aromaticity in the order Field T followed 
by Field Y and Field W.  This could be related to the precise type of naphthenic acids in the 
deposits. The sample from Field Y was shown to contain Arn acids as well as a high 
percentage of high molecular weight naphthenic acid species compared to the Field W 
sample which contained a predominance of acyclic acids (Table 4.4). In addition, the 13C 
NMR analysis for the Field T sample showed a high content of aromatic material, which 
was not observed in either the Field Y or Field W samples. The C/H and N data for the 
Field T sample is consistent with the data for asphaltene deposits as reported by a number 
of authors (Escobedo and Mansoori, 1992; Sato et al., 2005). These results confirm that 
Field T sample is an asphaltene deposit, as suggested by both the sample providers and the 
results of 13C NMR, TGA/DSC and MS measurements shown in this chapter.  
The C/H value for the Field Y sample (6.9) is in line with the reported value (6.8) for 
another calcium naphthenate soap scale as given by Baugh et al. (2005).  C/H values for the 
Field W (4.9) are slightly lower than those reported by Gallup et al. (2004) for a sodium 
carboxylate soap emulsion (5.7). Of course the samples in this thesis cannot be precisely 
ascribed to calcium or sodium-containing soaps, given elemental analysis results only. 
Therefore it would be unlikely that this elemental analysis technique could be used as a 
fingerprint for soap deposits. 
 
4.3.2. X-ray fluorescence.  
Table 4.8 presents the XRF analysis of selected field deposits. The objective of using XRF 
for soap analysis was to examine the predominant cations. Prior to analysis, as described in 
Section 3.4.2, samples were fired at 400 oC overnight to remove hydrocarbons, then ignited 
at 1100 oC to obtain a loss on ignition (LOI) index. Silicon dioxide (SiO2) was added if the 
LOI was very high. The Field T sample gave so little residual material after firing off the 
organics (less than 10 mg) that the XRF numbers are meaningless and thus are not 
presented. For this reason, the samples from Field X were included as a replacement in the 
XRF analysis.   
 
 
 
 
 
 
 
Note: % SiO2 added denotes the amount on a weight basis used for topping. 
 
Table 4.8. XRF results for field deposits samples.  
Field
%  SiO2 
added
SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 MnO P2O5
Totals 
%
W 0.50 2.75 1.62 2.08 2.91 5.03 36.25 0.81 0.10 0.01 0.15 51.71
Y 0.17 3.13 1.22 1.71 2.20 34.36 3.42 0.18 0.05 0.42 4.23 50.93
X 0.15 1.51 0.93 4.87 1.74 38.64 1.97 0.12 0.13 0.23 1.87 52.01
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In Table 4.8 samples are speciated as oxides following the ignition procedures described in 
Section 3.4.2. Field samples Y and X show low totals (about 51 %) with appreciable 
amounts of calcium, iron and magnesium oxides. This can be attributed to loss of carbon 
dioxide and may be interpreted as the decomposition of the naphthenic acids originally 
present. If all the calcium in these samples can be assigned to calcium naphthenate soap 
scales, then the amount of naphthenate scale in the soap deposits would be 34 and 38 wt% 
of the total values in Table 4.8, i.e. 74 and 67 wt% respectively. The Field W sample also 
shows the same order of magnitude of sample loss, yet the predominant oxide is sodium, 
with small amounts calcium oxides. The Field W sample could therefore be identified as a 
sodium carboxylate soap emulsion. One of the disadvantages of the XRF technique is that 
the organic portion of the soap sample is lost during analysis. Thus it becomes difficult to 
match the inorganic (cations) with the organic (naphthenic acids) components of the soaps. 
For this reason, it was decided to examine the remaining soap samples with a non-
destructive technique such as EDAX/ESEM. 
 
4.3.3. Energy dispersive X-ray and environmental scanning electronic microscopy.  
Figure 4.50 presents the ESEM images acquired for the field deposit samples shown in 
Figure 4.49. Note the scale of the images which is 50 µm across. All field deposits 
produced similar ESEM images showing flaky rugged heterogeneous surfaces. These 
represent non-crystalline hydrocarbon matrices with a range of trace compounds.  
Table 4.9 represents the mass and atomic percentages for the samples shown in Figure 4.50 
as given by EDAX, where the results are the average values of three measurements. It is 
observed that most of the field deposits are composed of carbon and oxygen. The 
predominant cation species for samples from Fields X, Y and Z is calcium (average value 
of  2.83 wt%), while Field W sample contains a predominance of sodium cations. As shown 
in the ESEM images in Figure 4.50, some of the field deposits also contain entrained 
inorganic scales (i.e. barite), clays and sand.  
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Figure 4.50. ESEM images of field deposit samples. Highlighted particles were assigned 
using EDAX as 1 = barite, 2 = iron carbonate, 3 = sodium chloride, 4 = alumina and 5 = 
silica. 
 
Field X X Y Y Z Z W W U U T T 
 Element  Wt %  At %  Wt %  At %  Wt %  At %  Wt %  At %  Wt %  At %  Wt %  At % 
C 85.77 92.72 85.86 91.84 91.41 94.70 85.02 91.86 99.08 99.67 93.3 96.27 
O 5.54 4.50 6.71 5.39 5.39 4.19 3.85 3.13 x x 2.79 2.16 
Na 0.71 0.40 1.28 0.72 0.45 0.24 3.65 2.06 x x 0.75 0.4 
Al 0.25 0.12 0.21 x x x 0.49 0.23 x x x x 
Si 0.30 0.14 0.17 0.08 x x 2.41 1.11 x x x x 
S 0.55 0.22 0.55 0.22 x x 0.28 0.11 0.50 0.19 1.93 0.74 
Cl 1.06 0.39 1.70 0.61 0.38 0.13 3.50 1.28 0.43 0.15 1.22 0.42 
Ca 3.72 1.20 2.42 0.77 2.37 0.74 0.23 0.08 x x x x 
Fe 0.76 0.18 1.10 0.25 x x 0.58 0.13 x x x x 
Mg x x 0.21 0.11 x x x x x x x x 
Ba 1.34 0.13 x x x x x x x x x x 
C/Ca   77.27   119.27   127.97   1148.25   x x n.a. 
C/Na   231.80   127.56   394.58   44.59   x x 240.68 
 
Note. x = not observed, blank cells indicate ratios not calculated, n.a. = not applicable. 
 
Table 4.9.  EDAX data for field deposits.  
 
Field XField W
Field T Field Y
Field UField Z
1
2
3
3
5
4
5
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Figure 4.51 contains a comparison of some of the cations measured by EDAX and XRF for 
samples from Fields X, Y and W. EDAX measurements are specific to a few microns deep 
in the sample surface relative to an area covered by the electron beam, while XRF 
measurements are from the bulk of the soap sample used in a combustion cell. Despite the 
different measurement techniques, Figure 4.51 shows there is excellent correlation for the 
main cations present the field samples, i.e. sodium and calcium. It is assumed that calcium 
and sodium ions in these samples may be present as either calcium or sodium naphthenate 
molecules. If this is the case, the atomic carbon/calcium (C/Ca) or carbon/sodium (C/Na) 
ratios are likely to provide information on the precise naphthenic acid structures present in 
the naphthenate soaps. Table 4.9 shows that the carbon/calcium (C/Ca) ratios for samples 
from Fields X, Y and Z vary between 77.27 and 127.97. Calcium naphthenate molecules 
with mono-carboxylic acids have two naphthenate anions for every calcium cation. Thus if 
all calcium in the deposits are due to calcium naphthenates with mono-carboxylic species, 
these could have naphthenic acid structures with average number of carbon atoms between 
38 and 64 (these are the C/Ca ratios divided by two).  Thus the naphthenic acids in the field 
deposits would have molecular weights between 552 and 564 Daltons, and between 916 
and 928 Daltons, respectively (the differences in molecular weight is due to the different Z 
values for each number of carbon atoms). The samples would therefore have a range of 
naphthenic acids. The carbon/sodium (C/Na) ratio for Field W is 44.59. Sodium 
naphthenate molecules for mono-carboxylic acids have one naphthenate anion for every 
sodium ion. Thus the field deposit could have an average number of carbon atoms of 44.  
The MS analysis for this sample did not suggest any naphthenic acids present in this sample 
with carbon numbers higher than 29 (Figure 4.27). Thus it is possible that the EDAX cation 
data do not represent naphthenate molecules, e.g. not all sodium in the sample is sodium 
naphthenate. 
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Figure 4.51.  Cation EDAX wt% as a function of XRF wt%. Legend indicates different 
species identified using the two analytical techniques. 
 
The EDAX data in Table 4.9 also shows the atomic and weight percentages for Field U and 
Field T field deposits. The Field U sample was not seen to contain any cations. The only 
elements present in this sample were carbon, sulphur and chlorine. This is rather 
remarkable since this field sample presented the highest concentrations of Arn naphthenic 
acids as given by Table 4.4. The significance of these results is due to the fact that Arn 
acids have not been reported in the open literature in non-calcium naphthenate deposits. 
Naphthenic acids cannot exist in ionised form as solids so it can be concluded the Arn 
present in the sample from Field U are in un-ionised form. It could be argued Arn might 
have precipitated in conjunction with other naphthenic acids and or waxes. However, the 
presence of wax compounds in this sample could also be ruled out due to the high 
temperatures required for sample melting as shown in the thermal analysis experiments 
(Figure 4.44). In conclusion, it is likely that the sample from Field U represents a resinous 
type deposit. The Field T sample contained some small amounts of oxygen and sodium. 
However, the remarkable feature of this sample is the large concentration of sulphur 
embedded in the hydrocarbon matrix. Given the DSC/TGA and 13C NMR results shown in 
Figures 4.44, 4.45 and 4.42, it was thought that Field T sample could be an asphaltene 
deposit. This information was confirmed after discussions with the sample providers. A 
series of tests were carried out on the Field T and Field U deposits, in addition to the parent 
crude oil from Field U to further categorise these deposits (Section 4.6). 
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4.4. Diffraction behaviour of the field deposits. 
Owing to high viscosity, the Field W sample could not be packed correctly in the XRD 
capillary following normal procedures. An attempt was made to centrifuge this sample prior 
to XRD analysis to aid in sample placement but this was not successful. Since no flat plate 
was available for the analysis of the Field W deposit, the sample had to be studied by 
rolling onto a glass capillary. Figure 4.52 presents and example of XRD pattern for a 
calcium-rich deposit identified in Table 4.9, namely, Field X. Lines 1 to 7 were common to 
all the calcium-rich deposits and have been highlighted on the diffraction pattern. Line 3 is 
a background reading and is a result of the silica capillary used for analysis.  Line 7 was 
also found in the deposit from Field U but nevertheless, it is probably too broad to be 
considered a strong line from an ordered species. The pattern from Field W did not show 
identifiable strong lines other than those due to the silica glass capillary used in these 
experiments. Given the poor response for the field samples using XRD, it was concluded 
that the naphthenates present in the soaps are probably not crystalline and thus the XRD 
was discontinued as a means of fingerprinting deposits. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.52. Powder XRD diffraction pattern for Field X sample (calcium-rich deposit). 
 
In summary EDAX and XRF was more suited than XRD for the study of the inorganic 
portion of the field soap samples. The field soap deposits studied in this thesis could be 
separated into calcium-rich and sodium-rich samples. There was evidence of trace amounts 
of entrained sand, sodium chloride and other scales embedded on the soap samples. Two 
samples, Field U and Field T, did not show any predominant cation species and thus 
represent deposits which are not part of the end-member soap varieties.  
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4.5. Surface properties of soap components. 
Figure 4.53 presents the surface properties of the deposit samples from Fields X, Y, Z, W 
and U as given by interfacial tension (IFT) measurements. Data was acquired using 
naphthenic acid extracts from each field as the oil phase. The aqueous phases used in the 
experiments comprised the brines containing 25000 ppm sodium ions, 20000 ppm calcium 
ions and 300 ppm bicarbonate ions. IFT measurements were carried out using these phases 
as a function of pH. Because of the high concentration of salts in the brine systems the IFT 
trends can be understood as resulting primarily in kinetic effects over electrostatic effects 
(Equation 2.9). Thus the changes in IFT as a function of pH are the result of the hydration 
of dominant cations in the aqueous phase, the positioning of the acid at the oil-water 
interface and steric hindrance of particular acid structures. Note the maximum pH values 
used in the tests were between 5 and 6. The reason for this was that solids were formed 
from the solutions tested at higher pH values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.53. IFT of naphthenic acid extracts and pH adjusted aqueous phases as a function 
of pH. 
 
Figure 4.53 shows some very distinctive IFT trends. Field W extracts have very high IFT 
values at higher pH compared to the other samples. As pH values were increased the IFT 
for this sample was seen to progressively decrease. This trend is very particular to fatty 
acids as shown by Cratin (1994). This supports the mass spectrometry analysis for Field W 
which showed the predominant species to be acyclic (Figure 4.27). Field Y and Field X 
measurements showed lower IFT trends as a function of pH. Mass spectrometry analysis in 
this thesis confirmed that these samples had a range of naphthenic acids. It is likely the IFT 
trends reflect the combined effect of the different naphthenic acids species present in these 
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samples. Field Z and Field U show the lowest IFT trends. Co-incidentally these samples 
had the highest concentrations of Arn acids, as shown in Table 4.4. Brandal (2005) 
suggested that Arn acids lowered IFT under laboratory conditions.  Despite these results, 
the IFT values cannot be considered to be low or to mimic surfactant behaviour. Crude oil-
water IFT values as low as 10-4 mN/m can be achieved with specific surfactant systems 
(Kanicky et al., 2001) and certain model naphthenic acids (Rudin and Wasan, 1992). Based 
on this information alone, it is difficult to gain insights into the role of Arn acids in soap 
deposition. In addition, IFT trends are known to be a function of cation types and 
concentrations (Acevedo et al., 2001). Chapter 6 will elaborate more on the precise effects 
of acid mixtures and cation influences on IFT. 
 
4.6. Special analysis of Field U and Field T deposits. 
A special range of analysis was conducted on deposits from Fields U and T. One of the 
objectives was to clearly fingerprint Field U deposit as either a soap or asphaltene sample. 
Previous results in Table 4.4 showed this sample contained a high concentration of Arn 
naphthenic acids, which would be more consistent with a soap scale. Yet EDAX data 
showed the same sample did not contain measurable quantities of calcium cations, but 
appreciable amounts of sulphur. Thus it would be more consistent with an asphaltene 
deposit, such as Field T.  
The parent crude oil for Field U deposit was analysed for possible asphaltene precipitation tendencies. The 
first analysis was the quantification of n-heptane-insoluble asphaltene crude oil components by the ASTM 
D3279 method. Results showed that Field U crude oil had less than 0.2 wt% insolubles, which translated into 
a very low concentration of asphaltenes. The total acid number for this crude oil was measured at 2.5 mg 
KOH/g and its API gravity measured at 21.5. Usually crude oils with high naphthenic acid content are 
biodegraded, though more detailed analysis (e.g. GCMS) would need to be carried out to verify this. Risks for 
asphaltene precipitation for crude oils usually decreases with biodegradation.  This information can only be 
supported with live fluid tests which could not be made available during the course of this thesis. 
Nevertheless, discussions with the sample providers concluded this particular crude oil had no asphaltene 
precipitation history under field conditions.  
It was decided to carry out a SARA analysis on the both Field U and Field T deposits for an additional 
comparison. Table 4.10 presents the SARA results for both the samples tested according to the procedures of 
Weiss et al. (2000). 
 
 
Sample S A* R A 
Field U 19.35 34.12 4.92 41.61 
Field T 10.75 11.52 2.29 75.45 
 
Note: S = saturate, A* = aromatic, R = resins and A = asphaltenes. 
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Table 4.10.
 SARA data for Field U and Field T deposits. Solubility fractions in wt%. 
 
The results indicate that the Field T deposit contains a majority of asphaltene fractions 
(about 75 wt%). Note these are considered to be all components which are insoluble in n-
pentane, according to the method used. Thus it is likely these could include certain 
naphthenic acid components such as Arn species. Field U on the other hand, contained a 
lower amount of n-pentane insoluble compounds, as well as higher proportions of all other 
solubility groups. There are clear differences between these samples. This information 
would suggest that the Field U deposit sample is not likely to be an asphaltene deposit. Yet 
the ES data for this sample showed that there was a predominance of Arn species within the 
naphthenic acid components (Figure 4.26). Nevertheless, mass spectrometry in the negative 
mode would only provide an indication of the ionisable acidic polar molecules in the 
sample. Thus GC chromatograms were acquired for the n-pentane soluble fraction for both 
Fields U and T to aid in further identification of the deposits.  
In the chromatograms for Field T and Field U samples in Figures 4.54 and 4.55, the peak at 
6 minutes indicates carbon disulphide which was added to the sample to improve GC 
mobility. The peak at 10 minutes is the n-pentane solvent. Field U is the more biodegraded 
sample and the components observed on top of the GC hump are most likely branched, 
based on information available in the literature (i.e. isoprenoid alkanes, 2 and 3-methyl 
alkanes and cycloalkanes). This is typical of a biodegraded parent crude oil where n-
alkanes are the first to be lost (Peters and Moldowan, 1993). Field T results indicate a less 
biodegraded sample, since some normal alkanes can still be observed in the system, and 
these are usually the first hydrocarbons to be affected by biodegradation. These trends 
support the conclusion that the Field U sample is not an asphaltene deposit. 
What is most striking about the deposit from Field U are the large concentrations of Arn 
acid found (Table 4.4). The produced water analysis for this field indicates that conditions 
were favourable for calcium naphthenate soap deposition when the deposit was formed and 
collected. The surface pH was 6.3 and the calcium ion concentration in the produced water 
was 3000 ppm. Discussions with the field operator revealed that a soap inhibitor was used 
in this field to prevent calcium naphthenate soap scale formation. Thus the deposit analysed 
in this thesis was formed even during these inhibitor trials. Clearly the inhibitor was not 
successful, since despite inhibiting calcium naphthenate soap scale formation, it could not 
prevent a different type of flow assurance deposit being formed (a resinous type solid with 
large quantities of Arn). The generic inhibitor type used was a water-soluble calcium 
complexant. At high pH, naphthenic acids become dissociated and are positioned either at 
 120 
the oil-water interface, or partitioned between the two phases. This would depend on a 
number of factors such as the solubility of the naphthenic acid species in both phases. 
Because the calcium ions would be complexed with the chemical inhibitor, naphthenic 
acids would not be able to precipitate as calcium soaps. Nevertheless, at low pressures, it is 
likely that the solubility of the acids and other resins in the crude oil is reduced. These 
compounds may co-precipitate and hence this would explain the high concentrations of 
naphthenic acids in the deposit from Field U including Arn. Thus the mechanism would 
have similarities to asphaltene precipitation.  
The SARA results presented in Table 4.10 for Field U and Field T deposits are based on 
solubility groups. The correlation between solubility groups and specific chemical families 
(i.e. naphthenic acids) was attempted in this thesis by examining the differences between 
the time-of-flight mass spectrometry data (TOF-MS) for each sample in natura (using the 
procedures described in Section 3.2.1.1) and the n-pentane insoluble asphaltene fraction. 
This fraction was prepared by washing sub-samples with 100 ml of n-pentane. TOF-MS 
was chosen to allow for an analysis of a higher molecular weight range, both for the deposit 
in natura as well as the sub-sample insoluble in n-pentane. 
Figures 4.56 and 4.57 present the analysis of the Field U samples as given by TOF-MS. It 
can be seen that there is very little difference between Field U sample in natura and the n-
pentane insoluble fraction from the same sample. Moreover, both these sub-samples contain 
high percentages of Arn naphthenic acids. Given these results, it is likely Arn naphthenic 
acid species in this deposit are part of the asphaltene solubility fraction. 
Figure 4.22 showed the analysis of the Field T deposit in natura. Figure 4.58 presents the 
n-pentane insoluble fraction (asphaltenes) of this sample. It can be observed that this 
sample contains certain amounts of species in the region of m/z 1220 to 1228 which may be 
assigned to Arn species. It would thus appear that the Arn species are entrained in the 
asphaltene matrix of this deposit. It is widely recognized that asphaltene samples do contain 
naphthenic acid functionalities (Mullins et al., 2007). However no Arn species have been 
identified in asphaltene deposits in the open literature prior to this thesis. 
The presence of Arn species with asphaltenes is not entirely surprising from a chemistry 
point out view. Both asphaltenes and Arn contain polar/non-polar portions. Naphthenic 
acids have also been suggested to be linked to asphaltene stability (Havre, 2002). 
Nevertheless, soaps and asphaltenes have not been shown to be present in the same field 
samples. Yang and Czarnecki (2005) performed laboratory experiments on asphaltene 
samples separated from bitumens and commercial sodium soaps. It was found that sodium 
soaps were not present in re-precipitated asphaltenes under laboratory conditions. The 
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presence of naphthenic acids in the MS spectrum of Field T is however in clear opposition 
to the solid state 13C NMR spectrum presented in Figures 4.42 and 4.43, which did not 
show measurable quantities of naphthenic acids in the asphaltene deposit. It can be 
concluded that the concentration of naphthenic acid in Field T is too low for detection by 
13C NMR. What is surprising is that the asphaltene deposits analysed in this thesis formed 
when the produced water pH was 6 and it contained 1000 ppm calcium ions, which are very 
suitable for calcium naphthenate soap scale formation. Yet the Arn naphthenic acids 
remained in the asphaltene matrix. These results suggest factors other than naphthenic acids 
may be responsible for soap deposition, as opposed to the concentration of Arn alone, as 
suggested by Mediaas et al. (2005). For instance, there may not be sufficient Arn in a 
particular crude oil to precipitate as soap, or the acid may not partition to the interface 
without help of other naphthenic acids or hydrocarbons. Chapter 8 will attempt to explore 
these issues further. 
 
 
 
 
 
 
 
Figure 4.54. GC of n-pentane soluble fraction from Field T deposit. 
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Figure 4.55. GC of n-pentane soluble fraction from Field U deposit.  
 
 
Figure 4.56. TOF-MS spectrum for deposit sample from Field U in natura. 
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Figure 4.57. TOF-MS spectrum for deposit sample from Field U, n-pentane insoluble 
fraction. 
Figure 4.58. TOF-MS spectrum for deposit sample from Field T, n-pentane insoluble 
fraction. 
 
 
4.7. Field Z deposition history. 
Data and sample analysis from Field Z are now discussed. This was motivated by the 
analysis of various soap samples from this field, which showed different morphology over a 
period of time as in Figure 4.59. 
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Figure 4.59. Images of different soap deposits from Field Z. Morphologies Z1, Z2 and Z3 
indicated in the images. 
 
The soap morphologies were seen to vary between the rock-hard consistency (Z1), to softer 
sludge-like consistencies (Z2), and very viscous liquids (Z3). The techniques used to 
compare these deposits were ES, TOF-MS, EDAX, TGA/DSC and solid state 13C NMR. 
Parent crude oils which were collected at the same time as the deposits were sampled under 
field conditions were also analysed using ES and EDAX. 
Field Z is located in the North Sea. It produces crude oil with TAN values typically around 
0.1 and produced water content containing on average 20000 ppm sodium ions, 1000 ppm 
calcium ions and 700 ppm bicarbonate ions (this information was obtained with the sample 
providers). The first soaps observed in this field in late 2003 were hard calcium naphthenate 
soap scales which deposited in the oil-leg of the topsides facilities. These deposits had the 
Z1 morphology shown in Figure 4.59. The mitigation treatment selected was acetic acid at 
various injection points. Until mid-2004, only acetic acid injection was used but this 
eventually led to a new problem with soap plugging, resulting in an unplanned shutdown. 
As a direct result, a chemical naphthenate inhibitor was injected at concentrations of 200 
ppm together with acetic acid. This appeared to control the soap problem despite an 
increase in chemical expenditure. However, in early 2005 another unplanned shutdown 
occurred due to the deposition of soap. These deposits were now observed in the water-leg 
with the Z2 morphology. From February to April 2005, a number of injection strategies and 
treatment location ports were tested with varying degrees of success. In April 2005, another 
major shutdown occurred, previous to which the inhibitor had been injected into the main 
separator at concentrations between 500 to 600 ppm, together with acetic acid, which 
brought the brine pH to between 6.0 and 6.2. The soaps observed during this deposition 
campaign had the Z3 morphology. Since July 2005, the inhibitor has been applied at 
concentrations around 350 ppm with acetic acid to bring pH values to no higher than 6.0. 
This has not led to any unplanned shutdowns. However, water cut levels have increased 
slightly and soap material is still forming in the water-leg, although in manageable 
amounts.  
Z2Z1 Z3
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Figure 4.60 presents the ES analysis of the water-leg deposits collected from Field Z in 
February 2005. The optimum ES settings described in Table 4.3 were used. The deposits 
were observed in various different topside locations and had the Z3 morphology shown in 
Figure 4.59. Most of these samples contained up to 20 wt% entrained crude oil as given by 
centrifugation experiments. It can be observed in Figure 4.60 that many of these soaps 
show a high percentage of the Arn (m/z ~1230). However these also showed a broad 
distribution of acids with lower molecular weight. Some samples also contained species 
with m/z values above 1400. These were not identified previously in any of the field soap 
samples analysed in this thesis as shown in Figures 4.23 to 4.27. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.60. ES samples of Field Z water-leg deposits. February 2005. Legend indicates 
topsides location where the sample was collected. 
 
It is interesting to note that the soaps analysed in Figure 4.60 had the Z3 morphology and 
were deposited after a period of six months during which time acetic acid and inhibitor 
were used to avoid deposition. The ES analysis of soaps deposited in the same topside unit 
(degaser) over a period of time are presented in Figure 4.61. 
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Figure 4.61. ES samples of Field Z degaser deposits. Note sample from Jun-04 corresponds 
to morphology Z1, sample from Feb-05 corresponds to Z2 morphology and sample from 
Apr-05 corresponds to Z3 morphology. 
 
 
From Figure 4.61, it can be seen that there are changes in the naphthenic acid distribution 
of the deposits over time which also accompany the change in deposit morphology (Figure 
4.59). The first deposits observed in Field Z (Jun-04) were hard calcium naphthenate soap 
scales (Z1 morphology) formed before chemical treatment begun. These show a large 
distribution of high molecular weight naphthenic acids including the Arn. There are clear 
shifts in the naphthenic acid species with soap morphologies Z2 (Feb-05) and Z3 (Apr-05). 
Note that these were formed during the inhibitor injection campaigns. Differences were 
observed in the ES spectrum of the crude oils sampled at the same time soap deposition for 
the samples shown in Figure 4.61 (data not shown). These may be due to statistical 
variations in the crude oils themselves. However the influence of chemical inhibitors is 
more likely to be affecting the naphthenic acid distribution which is concentrated in the 
soap, as shown in Figure 4.61.  
The speciation of the Field Z soap samples is presented in Figures 4.62 to 4.64. In addition 
to high percentage of Arn, the sample with Z1 morphology presents other naphthenic acids 
species with carbon atoms between 15 and 35. Samples with Z2 morphology present a 
lower percentage of Arn, and there is a shift in the predominant lower molecular weight 
species to lower carbon numbers as compared to the sample with Z1 morphology. The 
sample with Z2 morphology also contained species in the spectrum identified with m/z 
values above 1400. These were not included in the speciation since they do not represent 
naphthenic acids with the formula given in Equation 1.1. The sample with Z3 morphology 
did not show any presence of Arn species. No naphthenic acids with more than 25 carbons 
were detected in this sample. 
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Figure 4.65 presents additional speciation for the three Field Z samples given by hydrogen 
deficiency (Z). In this analysis, it is assumed all species identifiable in the negative mode 
ES represent naphthenic acids. The sample with Z1 morphology presented lower 
percentage of species with hydrogen deficiency values of 0 (acyclics). The sample with Z2 
morphology showed very high percentage of species with hydrogen deficiency values of -2 
(mono-cyclics). The sample with Z3 morphology showed the highest percentages of species 
with hydrogen deficiency values of 0 (acyclics), in addition to very high percentages of 
species with hydrogen deficiency values of -4 (bi-cyclics). The higher concentration of 
these species could be responsible for the change in deposit morphology, and moreover, the 
deposit location (oil-leg to water-leg). Acyclics are the most water-soluble of the 
naphthenic acids found in crude oil. These are also present in the softer water-leg deposits 
with morphologies Z2 and Z3. 
 
5 15 25 35 45 55 65 75
0
12
0
10
20
30
40
50
60
%
carbon number
Z
 128 
Figure 4.62. Naphthenic acid speciation for Field Z sample, Z1 morphology. 
 
Figure 4.63. Naphthenic acid speciation for Field Z sample, Z2 morphology. 
 
Figure 4.64. Naphthenic acid speciation for Field Z sample, Z3 morphology.  
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Figure 4.65. Naphthenic acid speciation for Field Z soap samples as given by hydrogen 
deficiency (Z). 
 
 
 
 
 
 
 
Figure 4.66. Expanded TOF-MS for Field Z sample, Z2 morphology. 
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The sample with Z2 morphology also presented ions above 1400 m/z as given by TOF-MS 
and this is shown in detail in Figure 4.66. It is very likely that these species are not true 
naphthenic acid species originally present in the parent soap-forming crude oil. The ions 
possibly represent the inhibitor chemicals used for soap mitigation, or even species 
resulting from complexed naphthenic acids with the inhibitor chemicals themselves. Note 
also the spectrum in Figures 4.23 to 4.27 in which no m/z species were identified above 
1250 (non-chemically treated samples). It was not possible to gain access to the generic 
inhibitor chemistry used for soap mitigation in Field Z, so further work would be necessary 
to support the earlier conclusion. 
The sample with morphology Z3 was also analysed by solid state 13C NMR. Owing to the 
very high viscous nature of this sample only a DP experiment was carried out. This 
spectrum is shown in Figures 4.67. There is a range of lines in the aliphatic region which 
are in-line with those presented for the sample with morphology Z1 shown in Figure 4.37 
(a). Based on the information in Table 4.6, shifts from linear components are dominant, but 
there is also some degree of contribution from branched species. The carboxylic acid signal 
is much less intense compared to the samples in Figure 4.37. A recycle delay change (from 
0.5 to 10 seconds) was carried out but this did not increase the carboxylic acid signal. Since 
this is a sample that has been chemically treated, it can be suggested that the aromatic 
signals may account for traces of the chemical inhibitor used in the field. 
 
Figure 4.67. 13C NMR DP spectrum for Z3 deposit sample. 
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Figures 4.68 and 4.69 present a comparison of the TGA and DSC analysis for the sample 
with Z1 morphology and that with Z3 morphology. The sample with Z3 morphology 
showed a faster weight loss until 470 °C, after which both samples degraded at a similar 
rate. The DSC peaks are all endothermic and correspond to evaporation of volatile 
materials which are confirmed by the TGA profile up to 200 °C. Four main endothermic 
peaks in the DSC profile are observed below 150 °C. These are consistent with the TGA 
data and correspond to a weight loss of 23.68 %. Two broad peaks are observed at 230 and 
280 °C, which correspond to TGA weight losses of 13.56 % and 9.65 % respectively. The 
endotherm at 470 °C is not as pronounced in the sample with Z3 morphology. Based on the 
discussion presented in Section 4.2, this is may be a result of lower concentration of Arn 
found in the chemically treated sample (Z3 morphology). However, it is clear that the use 
of chemical mitigation has affected the thermal stability of the soap deposits.  
A comparison of the atomic and weight percentages for the three Field Z soap samples 
given by EDAX is presented in Table 4.11. The sample with Z1 morphology contained the 
highest percentage of calcium ions (2.37 wt %). The deposits which were collected on the 
same equipment (but at the water-leg, Z2 and Z3 morphologies) showed different results. 
Both these chemically treated deposits showed a decrease in calcium content to values of 
1.03 and 0.88 wt%, namely. Experiments were carried out where samples of the deposit 
with Z2 morphology were washed with toluene to check if the low percentages of calcium 
could be a result of entrained water or crude oil. Results are presented in Table 4.12. The 
sample with Z1 morphology and a sample from Field X were used as references. It can be 
observed that the relative percentage of calcium in sample with Z2 morphology remained 
low, even after washing with toluene. This means the lower percentages of calcium in the 
sample with Z2 morphology compared to the sample with Z1 morphology are not due to 
entrained  solvent contaminants. 
Phosphorus ions are also observed in the samples with morphologies Z2 and Z3 as shown 
in Table 4.11. These ions were not observed in sample with morphology Z1. The presence 
of phosphorus is believed to be evidence of chemical or corrosion inhibitors in the soap 
sample. Phosphate ester inhibitors are common active ingredients of corrosion inhibitors 
(Babaian-Kibala, 1994). Crude oil collected at the same time as the samples with Z2 
morphology formed, was also analysed by EDAX and these results are presented in Table 
4.13. No phosphorus ions could be observed in this sample, which suggests the phosphorus 
elements detected in the soap samples are not indigenous to the parent soap-forming crude 
oil.  
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Figure 4.68. TGA of Field Z deposits. Z1 and Z3 refer to the samples with morphologies 
shown in Figure 4.59. 
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Figure 4.69. DSC of Field Z deposits. Z1 and Z3 refer to the samples with morphologies 
shown in Figure 4.59. 
 
 
Note: x = not detected. 
 
Table 4.11. EDAX analysis of Field Z deposits with different morphologies. 
 
 
 
 
 
 
 
 
Soap Calcium Calcium Phosphorus Phosphorus Weight loss  
  
Before 
(wt%) 
After 
(wt%) 
Before 
(wt%) 
After    
(wt%) (wt%) 
Field X 3.72 3.92 x x 5.3 
Field Z (Z1 
morphology) 2.37 2.65 x x 7.2 
Field Z (Z3 
morphology) 1.03 1.37 0.93 1.05 19 
 
 
Note: x = not detected. Before denotes the sub-sample prior to toluene washing. After denotes the sub-sample 
after toluene washing. Weight loss is that experienced during toluene washing. 
 
Table 4.12.  Calcium wt % and phosphorus wt% as given by EDAX of toluene washed 
soap samples with weight loss values. 
Field Z1 Z2 Z3
 Element  Wt %  At %  Wt %  At %  Wt %  At %
C 91.41 94.70 93.15 95.72 93.01 94.99
O 5.39 4.19 4.44 3.43 4.76 4.01
Na 0.45 0.24 x x 0.01 0.23
Al x x x x x x
Si x x x x x x
S x x 0.27 0.10 0.22 0.08
Cl 0.38 0.13 0.18 0.06 0.10 0.08
Ca 2.37 0.74 1.03 0.32 0.88 0.18
Fe x x x x x x
Mg x x x x x x
P x x 0.93 0.37 1.02 0.43
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Table 4.13. EDAX analysis of Field Z crude oil sampled at the same time of the sample 
with Z2 morphology. 
 
The reduced amount of calcium ions in the chemically treated soaps (morphologies Z2 and 
Z3) may reflect the precise naphthenic acid structures shown in each individual sample 
(Figures 4.62, 4.63 and 4.64). Arn acids have a special affinity towards calcium. Moreover, 
acyclic acids similar to those observed in samples with morphologies Z2 and Z3 have less 
affinity for calcium. It is likely that the inhibitor species used for soap mitigation in Field Z 
had a direct effect on the availability of Arn for soap formation. As a consequence, changes 
in soap morphology and composition occurred. Hurtevent and Ubbels (2006) commented 
on the mechanisms of soap inhibition under field conditions. According to these authors, 
the dedicated inhibitor chemicals act by stopping the reaction of calcium with naphthenic 
acids at the oil-water interface. This would further prevent the sticky network which forms 
(and then hardens) due to the presence of Arn.  Presence of soaps with soft morphologies 
(Z2 and Z3) supports these claims. 
 
 
4.8. Conclusions.  
The analysis of field deposits in this chapter has lead to a development of a series of 
techniques resulting in a protocol for the correct analysis of field soap deposits (both 
organic vs. inorganic and bulk vs. surface properties). The current state-of-the-art for soap 
deposit analysis prior to this thesis had relied heavily on a limited number of measurements 
and procedures. Moreover the specialised literature had lacked detailed description of the 
exact sensitivity of these techniques on the identification of specific naphthenic acids (e.g. 
Arn and fatty acids). Thus in this chapter a range of ionisation sources, mass analysers and 
solvents were examined for the best optimum method for naphthenic acid identification by 
mass spectrometry using naphthenic acid extracts. The soft ionisation sources, FAB, APCI 
and ES showed good potential for use. Soap emulsion samples containing fatty acids were 
not affected by the use of the different sources. Yet the analysis of samples containing the 
Arn acid showed clear differences with the three ionisation sources. The ES was the 
optimum source leading to a spectrum which was not the result of preferential ionisation of 
 Element  Wt %  At %
C 99.59 99.84
S 0.41 0.16
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Arn or lower molecular weight naphthenic acids. Solvent effects, particularly on the 
detection of Arn, were seen to be a consequence of polarity and molecular weight. 
Nevertheless the APCI source would also be applicable for samples containing trace 
concentrations of Arn acid, due to the favoured ionisation effects. The statistical analysis of 
the mass-to-charge data for each deposit allowed for the identification of two clear end-
member fingerprints as given by hydrogen deficiency and carbon numbers. Sodium 
carboxylate soap emulsions contained a strong presence of acyclic acids with carbon 
numbers between 7 and 33. Calcium naphthenate soap scales showed a range of species 
including mono-cyclics, bi-cyclics and varying percentages of Arn. These results are 
important since they point to possibly different interactions of the Arn and non-Arn 
naphthenic acid in the precipitation mechanism. The chemical characterisation of the 
naphthenic acids extracts by FTIR and solution NMR showed spectra of mostly 
hydrocarbons with minor naphthenic acid elements. This might be due to low naphthenic 
acid concentrations. Solid state 13C NMR (applied for the first time in this thesis for the 
analysis of field deposits) allowed for a better fingerprinting of the field deposits and 
carboxylic carbon signals were observed for most samples (which supported the mass 
spectrometry results). Clear differences for the spectra from the end-member soap types as 
well as the asphaltene and chemically treated deposit were obtained. Though results are less 
sensitive when compared to the solution 13C NMR data, the advantage of the solid state 
technique is that it can be applied on samples in natura. The TGA/DSC results (applied for 
the first time in this thesis for the analysis of field deposits) showed it was possible to trace 
thermal stability of field deposits to the indigenous acids present in these samples. 
Nevertheless it was not possible to ascribe this behaviour to Arn acids. The end-member 
soap types and the asphaltene deposit showed very distinct thermal behaviour. The 
elemental analysis and evaluation of the inorganic portion of the field deposits concluded 
the fatty acid soaps were sodium-rich vs. the predominantly cyclic naphthenic acid deposits 
which were calcium-rich, as shown by XRF and EDAX. Samples were identified which did 
not contain cations. These were chemically treated soap samples in addition to asphaltene 
deposits. This information is particularly important for the correct modelling of the 
interaction of the produced water cation species and naphthenic acids from the associated 
crude oil. The large concentrations of Arn in the Field U deposit suggest the soap 
deposition mechanism might also involve solubility group effects, of the type resin vs. 
asphaltene. Note no cation species were observed in the deposit even though production 
conditions in this field would lead to the precipitation of a soap. In this thesis it was shown 
that Arn acids would fall within the asphaltene solubility group from a deposit. Moreover 
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this was also supported in this thesis by the identification of Arn in an asphaltene deposit. 
The significance of this information lies in the potential for soap modelling via equation-of-
state (EOS). The measurements of surface properties of naphthenic acid extracts from field 
samples using IFT, suggested the possibility of distinguishing the two end-member soap 
types as a function of pH. Samples containing Arn resulted in lowest IFT values, but these 
were not surfactant-like, since the lowest measured value was 5mN/m. Thus the results 
point to differentiated surface properties of the Arn which may contribute in the overall 
phase behaviour of the soap deposit (e.g. sticky nature). Analysis of deposits from Field Z 
(known calcium naphthenate soap scale-former) presented data which shows the clear 
influence of naphthenic acid compositions on the variation of soap properties as given by 
EDAX, ES, TGA/DSC and solid state 13C NMR as well as the soap morphology. This is 
additional information pointing at the interactions between different naphthenic acid 
species during the precipitation mechanism. Previous published information has claimed 
Arn acids to be the sole species responsible for calcium naphthenate soap scale formation. 
The results in this thesis suggest this hypothesis need to be expanded by studying the effect 
of other naphthenic acids found in deposits during precipitation campaigns. Results suggest 
chemical inhibitors used in the field may complex with the Arn and prevent these species 
from forming a rock-hard deposit by the reaction with calcium. In contrast chemically 
treated samples tend to have a higher concentration of fatty acids as well as less calcium. 
The significance of these results is that the selected experimental techniques presented in 
this thesis would also have the potential to be used to follow inhibition trials.  In this 
chapter, a range of experimental techniques was applied to the study of field deposits. The 
optimum method is presented next and is termed full analysis of soap types, FAST. The use 
of this protocol enabled the differentiation of the two end-member soaps: calcium 
naphthenate soap scales and sodium carboxylate soap emulsions. In addition, this protocol 
was used to distinguish chemically treated samples as well as asphaltenes. The results of 
this protocol represent the major contribution of this chapter to the knowledge of soap-
forming systems. The conclusions from the current chapter served as guidelines and 
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interpretation for the results from Chapter 6 where the precipitation of soaps in the 
laboratory from various feeds was attempted. The most important analytical methods 
developed in this chapter for the FAST protocol, their sensitivities, applications and major 
contributions are included in Table 4.14. 
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Table 4.14. Full analysis of soap types protocol (FAST). 
Procedure Technique 
Preferred 
sample 
requirements 
Errors/repeatability Major thesis 
contribution  
Naphthenic 
acid extraction 
liquid-liquid 
extraction with 
HCl/glacial 
acetic acid  and 
solvents 
(Section 3.1.2) 
25 g of soap 
deposit (output is 
naphthenic acid 
extract) 
Sensitive to solvent amounts. Inorganics 
must be removed via titration. Problems 
with deposits with low naphthenic acid 
concentrations 
A quick and optimized 
method for naphthenic 
acid separation including 
chemically treated samples 
Chemical 
identification 
by mass 
spectrometry  
ES (Table 4.3 
for optimum 
settings) 
< 1ml naphthenic 
acid extract 
Used with the single quadrupole, ES 
offers enough resolution for correct 
fingerprinting of naphthenic acids in 
deposits from m/z data. Non 
quantitative, but should be able to 
differentiate m/z values at least to 3 
decimal places. Corrections need to be 
applied in mass assignment (addition of 
1 Dalton). In the low-resolution tests 
employed in this thesis all m/z  ratios 
were assigned to naphthenic acid species 
with either one or four carboxylic acids 
Effects of settings and 
solvents on Arn detection 
  
APCI (Section 
3.2.1.1) 
< 1ml naphthenic 
acid extract 
Preferential ionisation of Arn acids with 
polar solvents. Would be suitable for 
Arn identification in low concentration, 
not fingerprinting 
Preferential ionisation 
effects particularly with 
acetonitrile. 
  
FAB (Section 
3.2.1.1) 
< 1ml naphthenic 
acid extract 
Used with the single quadrupole offers 
enough resolution for correct 
fingerprinting of naphthenic acids in 
deposits, at least 3 decimal places. Not 
suitable for direct application on parent 
crude oils (mixing effects) 
Matrix effects (NBA/TEA) 
Chemical 
identification 
by nuclear 
magnetic 
resonance 
solid state 13C 
NMR (Section 
3.2.4) 
1 g of soap deposit 
Non-destructive. Good repeatability 
providing major contaminants (e.g. 
water and solvents) removed. Lower 
sensitivity than solution NMR (but able 
to identify even low concentration of 
naphthenic acids) 
Aliphatic vs. aromatic and 
carboxylic acid 
fingerprinting. 
Identification of samples 
with production chemicals. 
Identification of asphaltene 
vs. soap deposits 
Inorganic 
analysis of 
deposit 
EDAX (Section 
3.4.3) 
100 mg of soap 
deposit 
Non-destructive spot test analysis and 
very repeatable. Detection limits down 
to a few ppm. No coating required. 
Gives surface compositional information 
and may miss bulk features of the 
sample. X-ray detector adjustment 
critical to avoid back scatter interference 
Identification of calcium 
vs. sodium-rich samples. 
Fingerprinting non-
standard deposits (e.g. 
Field U) 
Surface 
properties 
IFT (Section 
3.6) 
50 ml of 
naphthenic acid 
extract placed in 
contact with 50 ml 
pH adjusted brine 
± 0.1 mN/m experimental error. Very 
sensitive to contaminants. Little 
application to crude oil naphthenic acid 
soap samples but potential for use in 
inhibitor evaluation. Time-consuming 
method with equilibration time of at 
least 12 minutes required. Du Nouy ring 
does not have sensitivity for low IFT. 
Fluid densities must be accounted for as 
well as temperature effects 
Identification of surface 
properties of Arn-
containing samples under 
different conditions. Fatty 
acid fingerprint clearly 
observed. Investigation of 
predominant Arn effects 
Thermal 
properties 
TGA/DSC 
(Section 3.3) 
50 mg of soap 
deposit 
Errors of ± 0.2 wt% (TGA) and ± 0.5 
W/g (DSC). Accuracy of 0.2 °C 
Destructive techniques sensitive to 
contaminants such as water. Has the 
potential to be used in inhibitor 
evaluation 
Observation of enhanced 
thermal properties of 
indigenous acids. 
Identification of samples 
with production chemicals. 
Identification of asphaltene 
vs. soap deposits 
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CHAPTER 5 – FORMATION AND EVALUATION OF SOAPS 
UNDER LABORATORY CONDITIONS: MATERIALS AND 
METHODS. 
 
Abstract 
In this chapter, experiments to form soap deposits under laboratory conditions are described with the 
objective of understanding the fundamentals of this flow assurance occurrence. The procedures focused on a 
number of model naphthenic acid systems, as well as acids extracted from field deposits and soap-forming 
crude oils. Sensitivities which are covered in these tests include: the type and concentration of naphthenic 
acids used, cation and anion varieties in synthetic brines, as well as different modes of pH change 
mechanism (static bottle testing, dynamic tube blocking and a carbon dioxide
 
injection rig).  A number of 
particular tests were performed which provided insights into the phase behaviour of indigenous acids as well 
as Arn species. In addition, attempts to predict the onset of soap formation in model laboratory systems, with 
a range of techniques such as Fourier-Transform infrared are discussed.  
 
5.1. Introduction. 
In Chapter 2 the basic mechanism for soap precipitation under field conditions was 
presented. It was postulated that during the production of reservoir fluids, carbon dioxide 
(CO2) evolution results in pH increase of the produced water. The crude oil naphthenic 
acids may then partition and dissociate across the oil-water interface. Naphthenic acids in 
turn may react with the cations in the produced water and lead to the formation of soaps. 
Thus pH variations play a key role in the initiation of the precipitation mechanism for 
soaps. A series of simulations of these pH changes using data from a soap-forming field 
were carried out using Multiscale thermodynamic software. These simulations were 
conducted to gain an understanding of the impact of fluid properties (hydrocarbon and 
produced water) on final pH. In Figure 5.1 the effect of CO2 content in the hydrocarbon 
phase on final pH is presented. Small variations in CO2 content (2.5 to 5 mol%) can lead 
to significant pressure decreases from subsurface to surface conditions. This in turn may 
result in pH changes, particularly for pressures below 50 bar, which are more often seen in 
topsides equipment. Note that the pH increase below 50 bar is due to gas separation. The 
final topsides pH values in the simulations shown in Figure 5.1 varied between 6.2 and 9. 
The actual measured onsite pH from the field is 6.4, and this is in agreement with 6.6 
which is the value predicted in the simulations for the actual hydrocarbon CO2 content.  
Thus, if formation of soaps in the laboratory was to be attempted, similar pH variations 
would need to be targeted. However, there are limited references of formation of soaps in 
the laboratory using this methodology. Trusovs (2003) used the reaction between an 
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organic acid ligand with a metal selected from a group of oxides and hydroxides. In these 
tests, suspensions were formed which when filtered allowed for the separation of solid 
soaps. These reactions however occurred in a model oil phase only and are thus not 
consistent with the basic soap formation mechanism from the field examples described in 
Chapter 2, which occur at the oil-water interface. Attempts to form soaps from model oil 
and water mixtures were made by Dyer et al. (2003) using static bottle tests with adjusted 
pH brines at room temperature and pressure. More realistic conditions were employed by 
Rousseau et al. (2001) who showed it was possible to obtain deposits from crude oils and 
synthetic brines using specially adapted dehydration equipment operated at 60 °C. 
Mediaas et al. (2005) also formed soaps in the laboratory from crude oil and brine systems 
using a dedicated depressurisation rig which allowed for the use of CO2, as well as 
realistic shear rates. Dyer et al. (2006) showed the possibilities of using a rig with shear 
conditions, thus establishing better control over the system pH. For the study of soap 
formation, it is debatable whether the use of field samples alone (crude oil and produced 
water) would aid in the understanding of deposition mechanisms. As reviewed in Chapter 
2, crude oil systems contain a variety of naphthenic acid species. Produced water has 
equally many different ionic components. The use of model systems containing selected 
individual naphthenic acid species, as well synthetic brines, aims to limit the number of 
possible variables, and to allow for a more mechanistic approach to soap formation 
studies. Nevertheless there is a risk that model systems may not represent the totality of 
components present in crude oil. Moreover, unless high pressure, high temperature and 
multiphase conditions are used, results may not be truly representative of field conditions. 
In this thesis, various sensitivity studies were conducted that had the objective of better 
replicating field deposition conditions, with increasing degrees of sophistication. Three 
techniques were chosen: static bottle tests, dynamic tube blocking and a static CO2 rig. 
The basic principle and operation of these techniques is described briefly in the next 
paragraphs. 
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Figure 5.1. Multiscale simulation of pH as a function of pressure and CO2 mol% in 
reservoir fluids. Hydrocarbon and water properties used from PVT report from Field X 
(North Sea). 
 
5.2. Techniques for soap formation in the laboratory. 
5.2.1. Static bottle tests. 
Dyer et al. (2003) presented a series of fundamental static bottle tests on model naphthenic 
acid systems. In their experiments, acids were dissolved in toluene used as the oil phase, 
and mixtures of calcium and sodium ions in water (but not individual cation species) were 
used as the aqueous phases. Only two very high pH values were examined: 10 and 11.5. 
These were adjusted with alkaline agents. In this thesis it was decided to carry out more 
detailed analysis with the static bottle tests in order to obtain an optimum and reproducible 
set of conditions for overall testing. The preliminary variables chosen included: brine pH 
adjustment (alkalinity), the effect of agitation, time dependency (contact time between the 
oil and aqueous phases), the effect of acid concentration in the oil phase and the effect of 
cation concentration in the aqueous phase.  
 
5.2.1.1. The effect of alkalinity. 
It is known from the literature that alkaline agents in the presence of naphthenic acids 
affect the stability of any oil-in-water (O/W) emulsion formed, as a result of electrostatic 
effects. Verzaro et al. (2002) showed that the stability of emulsions containing naphthenic 
acids could be studied in terms of droplet size and viscosity due to variations in alkaline 
concentration and type (sodium or ammonium hydroxides). Li et al. (2004) showed that 
the use of sodium hydroxide (0.6 wt%) with particular crude oil samples could lead to the 
formation of not only O/W but also W/O emulsions. The authors also showed that the 
inversion point, and changes to interfacial tension and viscosity were mostly time 
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dependent. For these reasons, the effect of alkalinity was selected to be studied in this 
thesis. pH adjustment media and concentration were evaluated on the formation of soaps 
in the laboratory. An oil phase consisting of 1 wt% of stearic or myristic acid in toluene 
(analytical grade, VWR) was prepared. 50 ml of this was placed in contact with 50 ml of 
Milli-Q water (conductivity less than 18 mΩcm, equivalent to a three-times distilled 
water). The aqueous phase was adjusted to pH 12 using three different media: aqueous 
sodium hydroxide (NaOH) and potassium hydroxide (KOH) solutions of concentrations 
ranging from 0.1 to 10 wt% were used. A commercial pH 12 buffer solution, Normadose 
(VWR) was also used. Both oil and pH adjusted aqueous phases were shaken manually 
and vigorously for one minute and left in contact for 24 hours. Soap samples which 
formed were separated by filtration using a glass microfibre paper 1.2 µm retention 
diameter grade 1 qualitative (Whatman) and a BOC (Edwards) vacuum pump. The 
separated soaps were left for 24 hours to dry in a fume cupboard. To avoid the loss of any 
water-soluble material it was decided not to use a deionised water wash, which was the 
method carried out by Dyer et al. (2003). The output variables measured in these 
experiments were: the mass of soap formed, as well as the overall variations in pH.  
 
5.2.1.2. The effect of agitation. 
It was shown in Chapter 2 that the formation of soaps in the field is highly affected by 
shear and agitation. These are a result of both the evolution of gas from the produced 
fluids and the flow through restrictions such as valves, fittings and sharp bends (Petex, 
1990). These effects are more noticeable in the formation of sodium carboxylate soap 
emulsions (Turner and Smith, 2005). The mechanism responsible for the increased 
stability to shear is the formation of droplets with smaller surface areas, which are less 
affected by coalescence. It was decided that the effect of agitation on soap formation 
would be investigated in this thesis. For this purpose, a 1 wt% stearic or myristic acid 
solution in toluene was used as the oil phase. The aqueous phase was a pH 12 adjusted 
solution with 10 wt% NaOH. Shear was induced by three methods: manually shaking the 
bottle samples vigorously for one minute, using an Ultra-Turrax mixer with two different 
rates, and a case consisting of leaving oil and aqueous phases in contact without shaking 
as a reference. For the evaluation of the effect of agitation, the mass of soap formed and 
pH changes were noted. 
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5.2.1.3. Time dependency. 
Li et al. (2004) showed that changes at the oil-water interface for naphthenic acids and 
aqueous solutions containing NaOH were time dependent. This was reflected in variations 
in interfacial tension and viscosity which were explained by the delayed kinetics of soap 
formation. Equilibration times of above 10 minutes are required for surface properties to 
remain constant for such systems (Brandal, 2005). Dyer et al. (2003) carried out filtration 
experiments on soaps formed after a contact time of 5 minutes. Yet, this time interval was 
most likely below the necessary equilibration time for soap formation to occur in its 
entirety in the model systems. For the investigation of time dependency on soap 
formation, aqueous phases with pH values from 2 to 10 adjusted with 10 wt% NaOH and 
10 wt% HCl were used. The oil phases consisted of either 1 wt% myristic or stearic acid 
in toluene. 50 ml of oil and water phases were placed together and manually shaken 
vigorously for one minute. A reference solution of toluene containing no naphthenic acid 
was used and also placed in contact with different water phases. pH values and the mass of 
soaps formed were taken at time intervals between 12 minutes and 24 hours of phase 
contact.  
 
5.2.1.4. Acid and cation concentration. 
Additional sensitivities examined for the static bottle tests consisted of the effects of 
naphthenic acid and cation concentration. In Chapter 2 it was discussed that some 
naphthenic acid structures can form micelles in solution. The formation of micelles would 
prevent the reaction of an acid monomer with a cation in detriment of soap occurrence. 
For the acid concentration tests, stearic acid concentrations ranging from 0.001 to 0.1 wt% 
were used. These concentrations are representative of crude oil naphthenic acid 
components found in crude oils and soap samples. The objective was to examine the 
influence of possible micelle formation on the precipitation of laboratory soaps. Aqueous 
phases used were adjusted to pH 12 with 10 wt% NaOH. Shear was induced by manually 
shaking both phases for one minute. Cations present in the water phase have a clear effect 
on the partition and dissociation of naphthenic acids. This effect is more noticeable for 
divalent cation species (Acevedo et al., 2001). The effects of cation concentration on the 
phase behaviour of naphthenic acids in the static bottle tests was examined by using a 1 
wt% stearic acid solution and aqueous phases adjusted to pH 12. The aqueous phases 
contained calcium ions with concentrations ranging from 10 to 2000 ppm. All pH 
measurements in the tests in this section were carried out using an Orion bench top 
pH/ISE meter model 920A, with a temperature compensated probe. The correct 
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temperature is obtained from a hand-held thermometer. The associated error for this 
temperature measurement was ± 1 °C according to the equipment manufacturers. The 
meter/electrode system was calibrated with standard buffers with set pH values of 4, 7 and 
10 during every set of measurements. The probe was cleaned with deionised water 
between measurements. All pH measurements have an associated error of ± 0.1, according 
to equipment manufacturers.  
 
5.2.2. Dynamic tube blocking tests. 
One of the biggest disadvantages of the static bottle test procedures described in Section 
5.2.1 is the lack of good pH control. For this reason it was decided to use a dynamic tube 
blocking rig. Tube blocking is a well-established technique for determining scale 
formation in laboratory systems. It has mostly been used for inorganic scaling tests, such 
as the formation of calcium carbonate (Zhang et al., 2001). Dyer et al. (2003) presented 
some results on systems with stearic acid in tube blocking tests where two pH values (8.5 
and 11.4) were evaluated using a brine consisting of 10000 ppm calcium ions with 25000 
ppm sodium ions. The authors claimed it was possible to observe the formation of soaps 
using pressure readings across the mixing coil of their rig. Although pressure variations 
indicated possible formation of soaps during these tests, results were inconclusive since no 
actual analysis of precipitated solids was presented. The rig used in the present study was 
similar to the one described by Dyer et al. (2003). It consisted of a mixing vessel with a 
magnetic stirring bar. Owing to material limitations, tests could not be conducted at more 
than 200 psi. The apparatus is illustrated in Figure 5.2. Both oil and aqueous phases were 
mixed and passed into a micro-bore coil and an in-line filter. Two pumps were used, one 
for each phase. Differential pressure transducers were used to indicate the pressure 
fluctuations. Equilibration of the phases is done in small steps, where individual cation 
solutions at low pH are first injected into the rig, followed by the oil phase and higher pH 
aqueous phases. A 1 wt% myristic acid solution in toluene was used as the oil phase. For 
the aqueous phase, a brine consisting of 10000 ppm calcium ions and 25000 ppm sodium 
ions adjusted to pH 12 was used. Pressure in the rig was kept at 100 psi and temperature at 
20 °C with flow rates at 10 ml/minute.
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Figure 5.2. Tube blocking rig used for soap formation in the laboratory. 
 
Dynamic tube blocking tests showed that pressure variations indicated possible formation 
of soaps, particularly in the rig coils, but also to some extent in the filters. Despite this, 
these tests did not lead to a blockage since no soaps could be detected from the analysis of 
the rig filters. Therefore the observed pressure fluctuations (which suggested soap 
precipitation), might have been caused by the changing of solutions in the rig. In 
additional experiments, the rig was left running over a period of over 24 hours, which 
would be sufficient for equilibrium to be achieved. Although pH control was more 
efficient in these experiments than bottle tests (owing to the slow equilibration of fluids), 
these did not, however, lead to the formation of soaps. It is likely that the tube blocking rig 
could not produce enough shear to lead to precipitation of solids, even when the aqueous 
phases were adjusted to high pH. Results are thus inconclusive and are in agreement with 
data from Dyer et al. (2003). Therefore the use of the dynamic tube blocking rig was 
discontinued for the remaining experiments in this thesis. During tube-blocking 
experiments, shear and turbulent conditions are dictated by the dimensions of the tubing, 
roughness of the tubing material as well as pump rates. Therefore additional equipment 
selection could attempt to encourage soap formation through better shear conditions. 
 
5.2.3. Static CO2 rig. 
In the techniques described previously, pH control was attained by direct adjustment of the 
aqueous phase, with and without the presence of a buffer. In field conditions, pH is mostly 
a function of dissolved CO2 and alkalinity, and variations occur as pressure varies during 
fluid production. According to Barth and Bjorlikke (1993), CO2 in crude oils may be the 
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product of thermal degradation of kerogen. It is continuously generated through the 
maturity of source rocks.  
Two types of tests with pressure equipment for soap formation were described by Dyer et 
al. (2006) which aimed at replicating the effects of CO2 in the field. The first was an 
autoclave for pressure tests up to 100 bar where rapid depressurisation could be achieved. 
The disadvantages of this set-up were described as the large sample volumes required in 
addition to the time for experiment completion. The second was a flow-through cell, 
which had the advantage of being able to employ lower sample volumes, but at lower 
pressures (between 5 and 10 bar). Mediaas et al. (2005) also presented results from a 
dedicated rig for forming naphthenates. The equipment can operate at 200 oC and 275 bar. 
In this thesis, a static CO2 rig was used and this is illustrated in Figure 5.3. It was composed 
of the following parts: reaction vessel, thermocouple, pressure gauge, pressure relief 
valve, needle valve, expansion chamber, hand pump and water bath. The experimental 
procedure consisted of adjusting the pressure in the vessel initially to 60 bar (limited 
through pump capability). The system is then left for a set duration of time after which 
pressure is released. Tests were carried out for the system being under pressure for 1 hour, 
8 hours and 24 hours.  Two different procedures of pressure release mechanism were 
investigated: releasing the pressure in one step after a fixed phase contact time had 
elapsed, or three pressure release steps evenly distributed throughout the duration of the 
experiment. Oil phases used with this equipment consisted of 1 wt% of either stearic and 
myristic acid solutions in toluene. Aqueous phases consisted of 20000 ppm calcium ions, 
25000 ppm sodium ions with or without 70 ppm bicarbonate ions. Initial pH values for 
these were close to 6.5. Temperature was also investigated using systems at 20 and 70 °C. 
Maximum volumes used in these tests were 50 ml. 
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Figure 5.3. Static CO2 rig used for soap formation in the laboratory. 
 
The second pressure release mechanism did not lead to any significant changes on the 
experimental performance. This was probably due to the short equilibration times for 
dissolved carbon dioxide (CO2) gas in aqueous systems. Thus, this pressure release 
mechanism was not used further. Tests were also initially devised to be carried out at two 
temperatures, 20 and 70 °C. Solubility of CO2 is inversely proportional to temperature 
(Carroll et al., 1991). Thus the use of higher temperatures did no lead to better 
experimental performance and thus only the temperature of 20 °C was used further. Table 
5.1 presents the results of the static CO2 rig experiments for tests where a single pressure 
release was carried out after the appropriate equilibration time had elapsed.  The increase 
in equilibration time (e.g. from 1 to 8 hours) for the CO2 rig experiments resulted in higher 
final pH values (pHf), thus indicating better rig performance due to loss of CO2. 
Nevertheless the overall pH difference was not sufficient to lead to the formation of any 
soap deposit. 
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Table 5.1. pHf values for static CO2 rig. All tests were conducted at 20 °C and maximum 
pressure of 60 bar. 
 
Table 5.1 shows that there is a clear effect of cation presence on the solubility of CO2, and 
higher pH values were obtained in the absence of cations. It is a well-known fact that the 
solubility of CO2 is reduced in brines when compared to fresh waters (Crawford et al., 
1963). This could explain the pH values observed for brines in Table 5.1. However, there 
are no clear trends for the divalent and monovalent cations used in the tests in this thesis. 
An attempt was made to increase the final pH in the experiments by the addition of 
bicarbonate ions in the initial aqueous phase. This however did not lead to significantly 
different pH changes or the deposition of soaps. Thus the change in pressure could not 
lead to differential solubility of the CO2 in solution. The average partitioning of CO2 from 
the gas phase to the aqueous phase is 0.8. Nevertheless, it is known that the kinetics of 
carbonic acid formation from CO2 in the aqueous phases is slow. Hence the experiments 
with longer contact times in this thesis. Despite these modifications, no significant pH 
changes were observed during depressurization. The reason for this may also be the poor 
mixing of the CO2 with the aqueous phase used in the experiments.  It is likely that 
pressure effects on pH would only be observed in live fluids, where CO2 his equilibrated 
across both hydrocarbon and produced water phases. Nevertheless, during the course of 
this thesis, live fluids were not available for testing. For this reason, the use of the static 
CO2 rig was discontinued. 
In conclusion, the results for tests employing the three experimental set-ups suggested that 
the simple static bottles would be sufficient for the formation of soaps in the laboratory 
and for mechanistic studies. 
 
Aqueous phase Equilibration time (hrs) pHf
Deionised H2O 1 5.45
25000 ppm sodium ions 1 4.48
25000 ppm sodium ions 8 4.78
20000 ppm calcium ions 1 4.25
20000 ppm calcium ions 8 4.48
20000 ppm calcium ions 24 4.49
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5.3. Optimisation and fine-tuning of static bottle tests. 
5.3.1. Optimisation. 
Static bottle tests were selected as the optimum method of choice for the study of the 
formation of soaps in the laboratory due to the fact this was the only method which 
resulted in sufficient pH changes. The optimum conditions for alkalinity, agitation, time 
dependency, acid and cation concentration were used in further sensitivity tests with 
model naphthenic acids, as well as more detailed aqueous phase conditions.  Preliminary 
selection of naphthenic acids for the formation of soaps in the laboratory was based on the 
literature survey presented in Chapter 2. A series of candidate acid structures were chosen 
to account for the following variables: aliphatic vs. aromatic species, degree of 
unsaturation, number of carbon atoms as well as number of carboxylic groups. It was 
decided however, to focus on commercially available naphthenic acids and the selection of 
structures for the optimised bottle tests took into consideration a preliminary scan carried 
out by Dyer et al. (2003). The authors targeted primarily straight chain acids, and 
structures with 11 carbon atoms. Based on the literature review, it was decided to include 
a selection of the species tested by these authors, as well as others more representative of 
naphthenic acids found in crude oils. The concentration of the acids used in the tests was 
0.01 wt% in toluene, which was chosen because it was similar to the total acid 
concentration found in a number of crude oils in the literature. In addition, this 
concentration would necessarily be below the critical micellar concentration (CMC) of 
most acids.  This is important to force the formation of soap at the oil-water interface and 
not of micelle aggregates. Acyclic acids were also prepared in concentrations of 0.001, 0.1 
and 1 wt%. In all tests, toluene was chosen as the solvent since it is both immiscible with 
the aqueous phase and has good solvency power towards most of the naphthenic acids. 
Figure 5.4 shows the acid structures used. All acids were purchased from Sigma Aldrich 
with the exception of numbers 9, 10, 19 and 20 which were purchased from Chiron. The 
acid purity may be considered to be higher than 98 wt% for all samples. 
From the list of naphthenic acids tested, the following were selected for further 
optimisation experiments for the static bottle tests: stearic acid (SA), myristic acid (MA), 
cyclohexane pentanoic acid (CHP), 4-tert butylcyclohexane carboxylic acid (TBC), 4-tert-
butylbenzoic acid (TBA) and 5-phenyl valeric acid (PVA). These were chosen because of 
the clearly observable formation of soaps at the oil-water interface in the preliminary tests 
and significant pH variations. The aqueous phases used in the additional tests contained 
25000 ppm sodium ions added as NaCl (Merck) or 25000 ppm calcium ions added as 
CaCl26.H2O (Merck). All aqueous phases were adjusted to pH 12 with 1 wt% NaOH, 
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aqueous solution. The objective of using these cations was to investigate the tendency of 
different acids to form either sodium or calcium soaps as indicated in the literature review 
in Chapter 2. These brines were prepared following the dissolution of the respective salts 
in Milli-Q water. After 24 hours the brines were filtered under vacuum using a cellulose 
acetate membrane with 0.45 µm retention diameter (Whatman). Measurements taken 
during these bottle tests were final pH and the observation of any soap deposits. It has 
been reported that temperature has an effect on the formation of soaps under field 
conditions (Turner and Smith, 2005). Nevertheless, it was decided that the effect of 
temperature in the bottle tests would not be investigated to avoid the inclusion of another 
variable. Thus all experiments were carried out at 25 °C. This decision was also based on 
health and safety implications of using highly flammable fluids as the oil phase (toluene). 
Figure 5.4. Naphthenic acid structures selected for screening. 1 = stearic acid, 2 = 
triacontanoic (melissic) acid, 3 = myristic acid, 4 = undecanoic acid, 5 = 2-naphthoic acid, 
6 = 4-butylbenzoic acid, 7 = 4-tert-butylbenzoic acid, 8 = 5-phenyl valeric acid, 9 = β-
cholanoic acid, 10 = 3-methyl octahydro pentalene carboxylic acid, 11 = methyl pentanoic 
acid, 12 = 4-tert-butylcyclohexane carboxylic acid, 13 = cyclohexane pentanoic acid, 14 = 
undecylenic acid, 15 = 1 naphthoic acid, 16 = oleic acid, 17 = linoleic acid, 18 = hexanoic 
acid, 19 = cyclohexane dicarboxylic acid, 20 = cyclohexane tetracarboxylic acid. 
 
5.3.2. Fine-tuning. 
Fine-tuning experiments were conducted on the effect of pH on the phase behaviour of 
calcium and sodium ion-rich systems in static bottle tests. This was carried out using 
systems with pH adjusted to values from 2 to 12, and with fixed naphthenic acid 
concentrations of 1 wt%. The next paragraphs will briefly discuss common measurements 
for the analysis of oilfield waters to support the techniques used in this section. 
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Basic produced water analysis comprises the following: specific gravity, resistivity, pH, 
total dissolved solids (TDS), total alkalinity, cations and anions, volatile fatty acids and oil 
content. The alkalinity of water samples is due to the carbonate, bicarbonate and 
hydroxide ions amongst others, and can be defined as buffering capacity. The most 
common technique for analysis of carbonate and bicarbonate ions employs a 
potentiometric titration which leads to a titration curve from measurements of pH versus 
volume of strong acid titrant (e.g. sulphuric acid). The reader is referred to the work of 
Barnes (1964) for details of the calculation of bicarbonate, carbonate and alkalinity 
concentrations. Inductively conductive plasma atomic emission spectroscopy (ICP AES) 
is the most common technique for the analysis cations and anions in oilfield waters. The 
choice of cations and anions selected for use in the fine-tuning of static bottle test 
procedures was based on typical compositions of produced waters found in soap-forming 
fields. An example is shown in Table 5.2.
 
Bicarbonate ions (HCO3-) were selected to be 
added to aqueous phases for fine tuning testing. These are an integral part of the overall 
pH control. The inclusion of bicarbonates ions in aqueous phases would also help study 
the hypothesis of Gallup et al. (2005), namely that they would be part of the complex soap 
structure. The concentrations of bicarbonate ions and cations used in the different 
experimental cases in this thesis are included in Table 5.3. Note it was not possible to fully 
exclude sodium ions from certain tests, given that bicarbonate ions were added as excess 
NaHCO3. Concentrations of additional sodium ions were topped up using NaCl. Any 
excess calcium carbonate solute was removed by filtration from the brine prior to the tests. 
Thus, the concentrations of bicarbonate in Table 5.3 are calculated values with Multiscale 
thermodynamic software, after removal of excess calcium carbonate solute. The final 
effect on calcium ion concentration was observed to be minimum. 
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Table 5.2. Produced water analysis of soap-forming field (Field Z). 
 
Case Ion concentrations (ppm) 
  Ca2+ Na+ HCO3_ 
1 2000 25000 11 
2 2000 25000 72 
3 20000 25000 200 
4 x 25000 11 
5 x 25000 72 
6 x 25000 200 
 
Note x = not tested. 
Table 5.3.  Experimental cases with aqueous phase concentrations used in bicarbonate 
tests. 
 
Both divalent-rich and monovalent-rich aqueous phases were considered for the purpose 
of soap formation in the laboratory. Calcium and sodium ions were chosen since these 
were shown in Chapter 4 to be the predominant species present in field soap samples. 
Barium was also selected to provide an additional divalent ion for comparison with the 
calcium results. Barium has a larger ionic radius than calcium which affects the hydration 
of the cation and the availability for reaction at the oil-water interface as discussed in 
Chapter 2.  Effects of other divalent ions such as magnesium were not investigated. 
Magnesium has a small ionic radius compared to calcium. Previous literature results have 
indicated the predominance of calcium effects in oil-water systems compared to 
magnesium (Brandal, 2005). 
Mixed aqueous phases with monovalent and divalent ions were used to investigate 
particular competition of cationic species. The effect of cation concentrations was also 
investigated. Calcium and sodium ions were added as the chloride salts mentioned 
pH 7.88 
Ion ppm 
Sodium 19400 
Potassium 1180 
Lithium 4.7 
Calcium 940 
Magnesium 310 
Iron (II) 0.05 
Strontium 290 
Barium 115 
Sulphate 7.7 
Chloride 33570 
Bicarbonate 1140 
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previously. Barium ions were added as BaCl2 (Merck). Table 5.4 presents the different 
aqueous phase compositions used. These were placed in contact with the naphthenic acids 
selected from Figure 5.4. In addition, two cases were used as references: a naphthenic acid 
solution mixed with an aqueous phase with no cations, and a pure toluene solution (with 
no naphthenic acids) mixed with an aqueous phase with no cations. Variation in divalent 
cation concentrations in the aqueous phases was investigated using ICP AES.  
 
 
Note x = not tested. 
Table 5.4. Experimental cases with aqueous phase concentrations used in cation tests. 
 
The effect of aqueous phase pH was also examined in detail. It was decided to use values 
which would span the whole possible range of oilfield water values, in addition to those 
which would encourage the partitioning of the naphthenic acids across the oil-water 
interface (values above the pKa, i.e. 5). Thus aqueous phases having pH values of 2, 4, 6, 
8, 10 and 12 were used. All pH adjustments were carried out using either 10 wt% NaOH 
and 10 wt% HCl in aqueous solution. If during a test a particular phase behaviour such as 
the formation of a second phase (e.g. solid or emulsion) was observed, these were also 
analysed in situ.  
Case
Ca2+ Na+ Ba2+
1 1000 x x
2 10000 x x
3 20000 x x
4 x 1000 x
5 x 10000 x
6 x 25000 x
7 x x 1000
8 x x 10000
9 x x 20000
10 1000 25000 x
11 10000 25000 x
12 20000 25000 x
13 1000 x 20000
14 10000 x 20000
15 20000 x 20000
16 x 25000 1000
17 x 25000 10000
18 x 25000 20000
19 20000 x 1000
20 20000 x 10000
Cation Concentration (ppm)
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5.4. Treatment of soaps formed in the laboratory. 
5.4.1. Basic morphological analysis. 
During the static bottle tests a number of soap-forming systems were observed over the 
phase contact period of 24 hours. These were examined first in situ using transmission 
microscopy and environmental scanning electron microscopy (ESEM with freeze 
fracturing). The theory of ESEM operation has already been described in Section 3.4.3. 
Transmission microscopy on the other hand is perhaps one of the oldest techniques for the 
study of particle morphology. It uses optics, through a combination of light and lenses for 
sample examination.  In the study of emulsions, the technique relies on the sample being 
relatively transparent and the continuous phases having different refractive index. The 
resolution of transmission microscopy is a function of the wavelength of the illumination. 
In this technique, the divergence angle of the cone of light by the objective lens from each 
point in the sample determines the depth of field (loss of resolution with distance above or 
below the plain of best focus). Thus, there is a trade-off between magnification and depth 
of field. One of the most important sampling issues when studying liquids and emulsions 
is the loss of sample through evaporation. Thus, if temperature control is not available, 
examination must be carried out as soon as possible in order to avoid excessive sample 
loss.  
Soaps obtained in the laboratory were examined with transmission microscopy. Sample 
optical properties (birefringency) were tested using cross polarisation filters in a procedure 
similar to that described by Horvath-Szabo et al. (2001a). A secondary objective was to 
check for the presence of liquid crystals, which are known to be associated with certain 
soaps and naphthenic acids (Ese and Kilpatrick, 2004). The microscope used to view and 
record the samples was an Olympus BH2 UMA model with polarisation filter lenses (A 
type).  Objectives and lenses used were 0.9-0.25 and MSPLAN 10IC10 (0.3 µm) and 
MSPLAN 20IC20 (0.4 µm), respectively.  Samples were transferred onto slides and 
observed at room temperature. Slides were rotated to avoid false interpretation of 
emulsion clusters in respect to the polarised light (Horvath-Szabo et al., 2002). 
Photographs were taken by coupling an Olympus Camera C5060 Camedia to the 
microscope.  
The environmental scanning electron microscopy (ESEM) was also used as a means of 
analysing the morphology of soaps formed in situ. The equipment details were presented 
in Section 3.4.3. For the examination of liquid samples, the freeze-fracturing of the soaps 
generated in the laboratory was carried out with liquid nitrogen.  Sample freezing in this 
case was necessary because of the need to work at lower vapour pressures (to avoid 
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vaporisation) and to aid the flow of electrons in the instrument chamber. A potential 
drawback of this technique is the risk of induced structural changes in the sample under 
observation.  
 
5.4.2. Particle size analysis. 
Further tests on selected soap systems were conducted with the objective of correlating 
certain emulsion properties related to stability, to specific bulk aqueous phase and oil 
phase properties (e.g. cation content and naphthenic acid concentration). There are 
currently a variety of techniques available for emulsion droplet size analysis on which 
Sjoblom et al. (2003) have published a good review. The techniques include light 
scattering, nuclear magnetic resonance and acoustics. Droplet size measurements and 
distribution can be used as indicators of emulsion stability. This is in part due to the net 
effect of forces acting on the droplets, such as gravity induced sedimentation and 
diffusion. It is agreed that the mean droplet size of a kinetically stabilised emulsion system 
is linked to the emulsion viscosity. Droplet sizes are also a function of the surfactant 
concentration in the emulsion (below the CMC), the surfactant head group, and presence 
of cations in the aqueous phase. Measurement techniques which may be used include the 
Coulter principle, laser diffraction and photon correlation spectrometry (Malvern, 2005). 
In the Coulter principle, particles are made to flow through a small orifice and displace a 
volume of electrolyte solution. Electrical pulses which are generated are proportional to 
the volume of the particles. Particle size distributions as a function of frequency are 
reported. Volume or mass against distribution can also be reported if all particles have 
uniform density distribution across their size range. Particles in the size range 0.4 to 1200 
µm can be measured and the exact range is a function of the aperture used in the 
equipment. One of the major disadvantages of using Coulter instruments is the 
compatibility of the material under analysis and also the flow effects (high viscosity 
solutions). In addition, if solid matter is present, this can lead to error and therefore a 
technique such as pulse field gradient NMR is preferred. For Coulter measurements, the 
sample needs to be diluted either in water or in the electrolyte used in the instrument. An 
additional technique of measuring droplet sizes is light scattering. In this method a laser 
beam is focused on the dispersed samples to be analysed. Light scattered by the particles is 
directed onto an optical detector. Detector arrays carry out the summation of scattered 
light distributions as a function of scattering angle, and this is treated mathematically to 
obtain particle size distribution using a theoretical model for the scattering process. One of 
the most widely used models uses Mie theory which solves Maxwell’s equation for the 
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boundary conditions of a spherical particle.  Light scattering techniques may be used for 
particles size ranges from 0.02 to above 3000 µm (Trainer, 2001). 
Particle size analysis measurements for selected laboratory soaps formed from model 
naphthenic acid systems, were carried out using a Coulter Mastersizer MX3 apparatus. 
Laboratory soaps formed from Field W crude oil were also examined using light scattering 
with a Malvern Mastersizer 2000 in conjunction with a Hydro S dispersion unit. In this 
instrument diffraction patterns are converted to particle size distributions using Mie 
theory. The following parameters were used: particle reflective index of 1.3300 (an 
estimation for the soap sample tested), absorption of 1.000 and dispersant (continuous 
phase) reflective index of 1.465.  
 
5.4.3. Elemental composition. 
The characterisation of deposits formed in the laboratory was carried out by conducting 
filtrations of the whole system, thus separating them from the bulk aqueous and oil phases. 
The rationale behind the use of filtration was to enable the destabilisation of any 
emulsions formed. The set-up for the ESEM/EDAX and XRD used for the analysis of 
laboratory soaps was identical to that used for the field soaps described in Sections 3.43 
and 3.5. To aid in the interpretation of the XRD results, a series of commercial naphthenic 
acid soaps, calcium stearate and sodium stearate (Crestchem) and barium stearate 
(SPCIE), were used. All soaps used were 95 wt% purity. No soaps of the aromatic and 
cycloaliphatic acids used in the experiments were found to be commercially available. It 
was hoped that by comparing the powder XRD patterns of these samples, the 
identification of soaps formed in the laboratory (particularly with mixed commercial 
naphthenic acid systems) would be made easier.   
 
5.4.4. Surface properties of naphthenic acids in soap-forming systems. 
In Chapter 3 experiments were described with the objective of gaining an understanding of 
the naphthenic acids in soap sample deposits and their surface properties. To be able to 
compare this behaviour with known systems, parallel tests were also conducted on 
selected model naphthenic acid systems and pH adjusted brines. Interfacial tension 
measurements using the Du Nouy ring were used following the set-up described in Section 
3.6. The following experimental variables were analysed: concentration and type of 
naphthenic acids, concentration and types of cations and pH. The experimental matrix for 
these tests therefore followed that presented earlier for static bottle tests in Tables 5.3 and 
5.4.  
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5.5. Formation of soaps using indigenous acids and crude oil systems.  
5.5.1. Tests on indigenous acids. 
Section 3.2.1 presented the two extraction procedures applied to the field soap deposits 
used in this thesis. A number of materials were obtained by applying these procedures to 
the deposits: the clean calcium soap, the indigenous naphthenic acids and the naphthenic 
acid extracts. Chapter 4 presented the results of the analysis of the naphthenic acid extracts 
from the field soap sample as analysed by mass spectrometry. In these, peaks at m/z 1230 
were identified and these were assigned to Arn naphthenic acid species. It is also of 
interest to better understand the detection of the indigenous acids, particularly for the 
purpose of conducting mechanistic tests where both soap scales and soap emulsions are re-
precipitated under laboratory conditions. Thus, the maximum solubility of the indigenous 
acids in toluene was determined. This was carried out using indigenous acids obtained as 
per Procedure B in Section 3.2.1. Subsequent dilutions with fresh toluene were used and 
samples analysed by electrospray mass spectrometry (ES) in the negative mode. The 
indigenous acids were analysed using the optimum settings included in Table 4.3, in 
addition to solid state and solution NMR. A number of additional tests were performed 
specifically on the indigenous acids: tandem mass spectrometry (MS/MS), two 
dimensional nuclear magnetic resonance (2D NMR) and liquid chromatography mass 
spectrometry (LCMS). These additional techniques are discussed briefly in the next 
paragraph. All tests were conducted on the indigenous acids from Field Y soap sample. 
 
5.5.1.1. Tandem mass spectrometry. 
This is a fast analytical method primarily used to obtain structural information (Castiglioni 
et al., 2005). The basis of the technique is to induce fragmentation on a particular species 
and this can be achieved by ion/molecule collisions. Usually the mass analysers in tandem 
spectrometers are separated by a collision cell into which an inert gas (e.g. argon, xenon) 
is admitted to provide fragmentation. With sources using collision-induced dissociation 
(CID), this is accomplished by selecting an ion of interest with a mass analyser and 
introducing that ion into a collision cell which is used to link mass spectrometers in series. 
This is known as ion trap. A selected m/z (parent ion) from the first MS collides with a gas 
(e.g. argon or helium) resulting in fragmentation which can be carried out in different 
modes. The fragments are then fed to the second MS and analysed to obtain a fragment 
spectrum (daughter ion). The procedure is abbreviated to MS/MS or MSn where n refers to 
the number of generations of fragment ions being analysed. There are limited references of 
MS/MS in the literature for characterisation of naphthenic acids (Rudzinski et al., 2002; 
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Ohlenbusch et al., 2002). The instrument used in this thesis was a hybrid quadrupole-time 
of flight (Q-TOF) in which ions are selected using a quadrupole analyser and fragmented 
in a quadrupole collision cell. Detection and separation of the ions is carried out in the 
TOF sector. The resolution of this instrument is routinely between 5000 and 8500. The 
full equipment settings are presented in the Table 5.5. 
 
 
 
 
 
 
 
 
 
 
 
Table 5.5. MS/MS settings. 
 
5.5.1.2. Two-dimensional nuclear magnetic resonance. 
Very elegant two-dimensional nuclear magnetic resonance (2D NMR) procedures were 
used to gain insights into the structures of Arn by Lutnaes et al. (2006). The acids used 
were extracted from a field soap sample using the QAE Sephadex ion exchange resin. 
These acids were further analysed with and without derivatization using BF3/methanol. 
Molecular modelling and ES were also used in establishing the best possible structures. In 
this thesis, NMR studies were carried out on the indigenous acids from Field Y sample. 
The hardware and settings for this was the same as the solution NMR presented in Section 
3.2.3. In addition to the one dimensional experiments described in Chapter 3, the 
following 2D sequences were carried out on the indigenous acids separated from Field Y 
soap: graded heteronuclear multiple bond correlation (gHMBC) which looks at long range 
carbon and proton correlations by shifting polarisation through carbon atoms, thus 
identifying proton nuclei with carbon nuclei that are separated by more than one bond; 
graded heteronuclear molecular quantum coherence (gHMQC), in which proton 
magnetisation is transferred to the directly-bonded 13C atoms; and graded heteronuclear 
molecular quantum coherence total correlated spectroscopy (gHMQC-TOCSY) which 
looks at bond correlations via spin-spin coupling. In the experiments one drop of 
Mode CID 
Collision gas argon 
Energy 50-60 V 
Collision gas thickness (molecules/ml) 2.19x1012 
Ionisation source electrospray 
Scan time (ms) 500 
Ionisation gas nitrogen 
Declustering potential (V) -30 
Focus potential (V) -130 
Entrance potential (V) 8 
Collision energy TOF (eV) -19 
Air pressure in cell (torr) 2x10-3 
Exit potential (V) 4 
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dimethylsulphoxide was added to the acid solution for homogenisation. No additional 2D 
NMR sequences were attempted (e.g. ADEQUATE) because most of the spectra acquired 
with the techniques described previously resulted very complex signals.   
 
5.5.1.3. Liquid chromatography mass spectrometry. 
The combination of liquid chromatography (LC) and mass spectrometry (MS) offers one 
of the most powerful analytical techniques for the characterisation of organic compounds 
(Covey et al., 1986). In LC, the solvent (which most often also doubles as the mobile 
phase) is used to dissolve the components of the sample to be analysed. It is essential that 
the solvent used is pure and filtered prior to analysis, but in addition, it is also preferred to 
have low viscosity and chemical inertness. The choice of solvent is also a function of the 
LC mode: non-polar solvents are used for normal phase operation as opposed to polar 
solvents for reversed-phase operation. The solvent and dissolved samples are forced to 
flow through a stationary phase (chromatographic column) under high pressure, if 
applicable. In the column, the mixture is resolved into its components and this is 
dependent upon the extent of interaction between the sample and the column packing 
material. These interactions can be manipulated through choice of material and mobile 
phase. This is because of the competition of sample components for adsorption in the 
column surface due to hydrophobic as well as dipole-dipole interactions which leads to 
retention of particular species. The most commonly used detector in LC is the ultraviolet 
(UV) absorption detector. Liquid chromatography mass spectrometry (LCMS) has been 
used for the separation and identification of naphthenic acids by Ohlenbusch et al. (2002) 
and Yen et al. (2004). The particular identification of soap naphthenic acid components 
using LCMS was reported by Mediaas et al. (2005) and Baugh et al. (2004).  
In the present work, an Agilent 1100 LCMS ion trap SL model equipment with an APPI 
interface was used. HPLC mode was used with a small with Zorbax 300 SB-C3 (20 by 40 
mm) column. This was followed by flow into a Purospher RP 18 column (250 by 4 mm) 
with a 5 µm coating.  The column oven temperature was 35 °C. The eluents (mobile 
phases) used were acetone, acetonitrile and combinations. Acetonitrile/acetone volume 
ratios were varied from 100/0 to a 20/80 over 35 minutes and the flow rates of 0.5 ml/min. 
Note that the use of polar solvents where shown to lead to enhanced ionisation of Arn in 
mass spectrometry, as described in Chapter 4. These conditions are however necessary to 
ensure correct structural characterisation of the species which is the focus of the 
experiments in this section. The source temperature used was 300 °C and the needle 
voltage for ionspray was -5.5 kV. Nitrogen was used as both nebulizer gas and curtain gas 
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with flowrate 10 l/min and pressure 40 psi. Indigenous acids from Field Y sample were 
tested using this procedure with the objective of gaining a better understanding in the 
detection of Arn naphthenic acids. A separated fraction from the LCMS procedure was 
collected and analysed using a NMR Bruker Avance 400. 1H NMR, 13C NMR with DEPT 
experiments were carried out.  MS/MS analysis as per the strategy described Section 
5.5.1.2 was also carried out on this fraction. 
 
5.5.2. Mechanistic studies and the role of Arn in soap formation. 
The naphthenic acid extracts from the Field Y deposit prepared according to the Procedure 
A in Section 3.2.1 were used in sensitivity mechanistic tests. The objective was the study 
of different experimental variables on the formation of laboratory soap deposits. The 
experimental cases studied were detailed in Tables 5.2 and 5.3. Tests were also carried out 
with a range of soap-forming crude oils. Soaps formed in the laboratory, either from 
naphthenic acid extracts or crude oils, were examined using ES, transmission microscopy, 
particle size analysis and EDAX/ESEM.  
The surface properties of the naphthenic acid extracts and indigenous acids were evaluated 
using IFT measurements as described in Section 3.6. Lutnaes et al. (2006) suggested that 
Arn acids were more prone to reaction with inorganic cations across the oil-water interface 
than mono-carboxylic acids. According to Mediaas et al. (2005), 93 to 96 % of Arn acid 
present in a crude oil could be precipitated as calcium naphthenate deposits in deposition 
trials. Tests were also carried out in this thesis to investigate the relationship between Arn 
acids in conjunction with mono-carboxylic model naphthenic acids, both from a surface 
property perspective as well as on the formation of soaps in the laboratory. The following 
oil phases were used for this purpose: 
 
- naphthenic acid extracts from Field Y deposit sample (refer to Figure 4.22 for 
composition) in combination with those from Field W (refer to Figure 4.26 for 
composition),  
- naphthenic acid extracts from Field Y deposit sample in combination with  1 wt% 
stearic acid (SA) and  
- naphthenic acid extracts from Field Y deposit sample in combination with 1 wt% 4-tert-
butylbenzoic acid (TBA). 
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5.6. On establishing a protocol for soap formation under laboratory conditions.  
The experiments described in Sections 5.2, 5.3 and 5.5 were designed to investigate the 
formation of soaps under laboratory conditions. Crude oils contain other surface-active 
molecules such as phenols and amides which may affect the oil-water-naphthenic acid 
equilibria under conditions of soap deposition. Thus, the use of surface properties of crude 
oils for the prediction of soap precipitation would have to be regarded with reservations. 
The preferred technique for the prediction of soaps would need to indicate the transitions 
which occur prior to precipitation:  from free acids (at low pH values) to bound acids or 
soaps (at high pH values). A similar strategy was proposed by Zyskowski and  Kamdem 
(1999) for the study of wood copper naphthenates with UV and FTIR spectroscopy. In this 
thesis, two spectroscopy methods were evaluated for the prediction of soap formation 
from laboratory systems: Fourier-Transform infrared (FTIR) and Raman. The application 
of FTIR to the analysis of naphthenic acids extracted from field samples was described in 
Section 3.2.2. The naphthenate anion (cation bound acid) has IR features which make it 
distinct from those due to naphthenic acids. The naphthenate ion has two coupled carbonyl 
bonds (C=O), with strengths intermediate to those between a single C=O and a C-O bond. 
Thus a strong asymmetric stretching band near 1650-1550 cm-1 arises. A weaker signal is 
also seen due to a symmetrical stretching band near 1400 cm-1 (Silverstein et al., 2005).  
Two oil phases were used in the FTIR and Raman spectroscopy experiments. The first was 
a 1 wt% stearic acid solution and the second comprised naphthenic acid extracts from 
Field Y deposit. These were placed in contact with aqueous phases containing 25000 ppm 
sodium ions, 1000 ppm calcium ions and 72 ppm bicarbonate ions, with pH adjusted to 2, 
6 or 10. By taking aliquots of the oil phases after 24 hours of phase contact with the 
aqueous phases, it was hoped that IR and Raman spectra could be used to examine the 
transition from naphthenic acid to naphthenates. In other words, the onset of soap 
formation under laboratory conditions. 
For the work in this thesis, a Bomem MB-series FTIR instrument was used with a 
resolution of 4 cm-1.  The instrument used a DTGS detector and the solutions under study 
were placed in a KBr liquid cell with a 1 mm PTFE spacer. 50 scans were obtained for the 
background spectrum and for the individual solutions tested. Spectra of the solutions were 
converted directly to absorbance units after background measurements. Raman 
spectroscopy depends on bond polarisation (how tightly electrons are bound to the nuclei) 
rather than molecular dipole changes due to absorption which are observed in FTIR. In 
Raman measurements are made of wavelength and intensity of inelastic scattered light. 
Molecular vibrations provide energy which results in the scattered light with shifted 
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wavelengths compared to the incident light. Both rotational and vibrational spectroscopy 
are possible with Raman. The overall energy amounts will determine the exact type of 
transition. However, as a rule, rotational transitions are three orders of magnitude slower 
than vibrational transitions. Basic Raman hardware set-up comprises a source of 
monochromatic radiation (usually laser), sample holder and a detector.  The reader is 
referred to the work of Smith and Dent (2005) for a more detailed description of the 
technique and instrumentation. Raman is useful for the analysis of samples without a 
permanent dipole moment (not observable in IR), particularly in solution since transitions 
are more characteristic than IR. For the work in this thesis the Raman instrument used was 
a Renishaw 1000 with 780 nm excitation and a 25 mW laser output. A 40 µm wide slit 
was used and the charge couple device binning box set to 20 pixels wide sensitivity. 
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CHAPTER 6 – FORMATION AND EVALUATION OF SOAPS UNDER 
LABORATORY CONDITIONS: RESULTS. 
 
Abstract 
This chapter describes the results of techniques developed to reproduce the formation of oilfield soaps in the 
controlled environment of the laboratory. Static bottle tests were chosen because they allow for a simple study 
of soap systems with reproducible effects such as final pH and soap mass. Soaps were obtained in the 
laboratory from model systems including single and mixed calcium, sodium and barium solutions, as well as 
bicarbonate-containing systems. Soap formation was found to be a function of the precise aqueous phase (e.g. 
cations and pH) in addition to acid content of the oil phase (e.g. acyclic vs. cyclic/aromatic naphthenic 
species). This information is of significant importance for future development of a precipitation model using 
realistic feeds. In addition, bottle testing also shows excellent potential as a suitable technique for the 
evaluation of inhibitor chemistries. It was possible to form soap deposits in the laboratory from both 
naphthenic acid extracts, as well as certain crude oil samples. Nevertheless, only soap emulsion formation was 
possible from soap-forming crude oils. From a molecular perspective, the analytical results of these laboratory 
soaps are in line with the field deposit data presented in Chapter 4. Detailed speciation of particular 
indigenous acids allowed for the identification of Arn and the special properties of this species. For instance, 
the four carboxylic groups of the Arn acids were clearly identified with MS/MS experiments, as well as 
surface properties identified by IFT. FTIR spectroscopy showed potential as a simple technique for the 
prediction of soap precipitation onset in the laboratory with possible applications to crude oil and produced 
water systems. 
 
6.1. Techniques for soap formation in the laboratory. 
Three techniques were short-listed as described in Chapter 5 for the evaluation of the 
formation of soaps in the laboratory, together with the sample preparation procedures: static 
bottle tests, dynamic tube blocking and a static carbon dioxide rig. The optimum set-up for 
static bottle tests was studied further using a range of conditions in optimisation 
experiments. Soaps that formed under laboratory conditions were analysed using 
procedures similar to those described in Chapter 3 for the study of field deposits. At least 
three repeats were conducted for each experiment.  
 
6.1.1. Static bottle tests. 
6.1.1.1. The effect of alkalinity. 
Table 6.1 presents the results of the variation in soap mass as well as pH for different 
alkaline agents (NaOH and KOH) used for pH adjustment in the bottle tests. Note pHi is the 
initial adjusted experimental value and pHf is the final value measured after 24 hours of 
phase contact. Both alkaline solutions showed a decrease in pHf with increase in alkali 
concentration of the aqueous phase. The NaOH solutions resulted in consistently lower pHf 
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than the KOH solutions. Therefore the dissociation of the naphthenic acids used in the 
model systems was favoured by the presence of sodium ions. This can be explained by the 
larger ionic radius of potassium compared to sodium (227 pm as opposed to 186 pm). This 
results in less hydration effects which prevent the full dissociation of the naphthenic acid. 
The deposit masses formed from the different alkalis did not however show major 
variations. This is because soap formation is likely to be limited, in all but one case (e.g. 0.1 
wt% alkali), by the naphthenic acids in the oil phase. These deposits were identified as 
naphthenate soaps with either sodium or potassium (EDAX and XRD data not shown). The 
Normadose solution exhibited a different effect. A large mass of deposit was formed with 
this pH adjusting medium; however the pHf value was higher than the pHi value. 
Naphthenate soaps are composed of naphthenic acids and either calcium or sodium cations 
as shown in Chapter 4. The Normadose buffer used in this case is of unknown composition 
(however the MSDS information indicates that it contains borates). Therefore if any 
deposits were to form with this buffer they would not be calcium or sodium naphthenates, 
but other salts. Use of EDAX and XRD on the samples formed from the Normadose buffer 
could not indicate the precise composition of these solids. Thus the NaOH solutions were 
chosen to be used in the remaining bottle tests due larger pH variations, and because of the 
formation of a deposit with composition more similar to those found in field conditions. 
 
Table 6.1. pHf values and deposit masses for alkalinity sensitivity study. 
 
6.1.1.2. The effect of agitation. 
Three distinct agitation methods were used for the static bottle tests. Repeatability of final 
pH values and soap mass were ± 0.2 pH units and 1 wt% respectively in the experiments in 
this section. Bottles were manually shaken vigorously for one minute. This is represented 
by the “shake” notation in Table 6.2. Samples were also treated with an Ultra-Turrax mixer 
 pH media pHi pHf Deposit mass (g)
Normadose 11.87 12.00 1.02
0.1 wt% NaOH 12.00 11.34 0.12
1 wt% NaOH 12.00 11.04 0.14
5 wt% NaOH 12.00 10.86 0.12
10 wt% NaOH 12.00 10.64 0.16
0.1 wt% KOH 12.00 11.56 0.13
1 wt% KOH 12.00 11.43 0.12
5 wt% KOH 12.00 11.23 0.14
10 wt% KOH 12.00 10.89 0.15
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with two different rates, namely 10000 and 25000 rpm. The reference test consisted of 
leaving both oil and aqueous phases in contact but without agitation. 
 
 
 
 
 
Table 6.2. Effect of agitation methods on soap formation tests. 10 wt% NaOH used for pH 
adjustment. 
 
The data set for the reference test shows a pHf value well above those obtained in the tests 
where shear was employed. Moreover, the mass of soap formed in this test was very low. 
The pHf measurements for the Ultra-Turrax mixer tests are slightly higher than the value 
measured for the manually shaken test. Table 6.2 shows that the deposit masses were also 
very similar for the two agitation methods. Therefore, for the purpose of soap generation, it 
could be concluded that the total absolute shear for the Ultra-Turrax and manually shaken 
tests are probably the same. Soap formation is said to occur at the interface between oil and 
produced water (Vindstad et al., 2003), and this is indeed what is observed with the soaps 
generated in the laboratory, as exemplified in Figure 6.1 which shows the reference test, as 
well as the manually shaken test, both after 24 hours of phase contact. Although both tests 
were adjusted to the same pHi (12), the mixing energy transferred to the system to promote 
soap formation was not the same. This may be related to the enhancement of contact areas 
when the system is manually shaken (which results in greater soap mass) as a result of 
shear. The higher pHf values for the reference test, (Table 6.2), indicate that not enough 
naphthenic acid was partitioned across the oil-water interface. Thus, by manually shaking 
both phases, sufficient mixing of the two liquids occurred to promote soap formation. 
Figure 6.1.  Effect of agitation on sensitivity tests. The sample on the left is the reference 
test (without shaking). The sample on the right is the manually shaken test. In both cases 
the oil phase was 1 wt% myristic acid in toluene. The aqueous phase was adjusted to pH 12 
with 10 wt% NaOH. 
Shear media pHi pHf Deposit mass (g)
NaOH - reference 12.00 11.62 0.02
NaOH - shake 12.00 10.64 0.16
NaOH - 10000 rpm 12.00 10.75 0.17
NaOH - 25000 rpm 12.00 10.78 0.16
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6.1.1.3. Time dependency. 
The time dependency of the results of the static bottle tests is presented in Figure 6.2. No 
differences in pHf values were observed for tests with and without added naphthenic acids 
in the oil phase up to 12 minutes of phase contact. For contact times above 1 hour the 
presence of a naphthenic acid led to consistently lower pHf, for the higher pHi values. This 
effect is more noticeable for pHi values of 6, which are close to the dissociation constant 
(pKa) of the naphthenic acid used in the tests. Differences between the trends over time may 
be a result of diffusion effects (which are time-dependent) of the naphthenic acids to the 
oil-water interface, in-line with the results of Li et al (2004). No soaps were obtained by 
filtration from the pH 12 adjusted systems up to 12 minutes of phase contact. This is 
because the system is most likely not at equilibrium. This data is in sharp contrast with the 
trends presented by Dyer et al (2003). These authors used a phase contact times of 5 
minutes for their tests. In this thesis, additional tests were conducted with contact times of 1 
minute, 12 minutes, 1 hour, 6 hours and 24 hours. No major pHf trend differences were 
observed for the contact times of 6 and 24 hours. Thus it is assumed the system has reached 
equilibrium at some point between these two time intervals. 
 
 
Figure 6.2. Time dependency on static bottle tests. pHf as a function of pHi, for contact 
times of 1 minute, 12 minutes, 1 hour, 6 hours and 24 hours, with and without the presence 
of naphthenic acids in the toluene (oil phase). 
 
6.1.1.4. Acid and cation concentration. 
The effect of acid concentration was tested using the shear and phase contact parameters 
described in the previous paragraphs (manual agitation and 24 hours of contact time). In 
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Figure 6.3 the mass of soap deposit formed in the laboratory is shown as a function of the 
available naphthenic acid in the oil phase. At acid concentrations below 0.05 wt%, the 
toluene oil phase became very turbid. The deposits formed under these conditions are 
particles with diameters of less than 45 µm, determined by transmission microscopy. The 
analysis of these deposits using EDAX and XRD showed that they were composed of solid 
naphthenic acid flakes. Thus, conditions exist for the formation of naphthenic acid micelles 
in solution as discussed in Chapter 2, and it is most likely these are being formed in 
detriment of naphthenate soap. Note the critical micellar concentration (CMC) for the acid 
used in the experiments is marked on Figure 6.3 and this value is 0.019 wt%. Thus it would 
be recommended to use naphthenic acid concentrations above this value in deposition tests, 
to enable maximum amounts of soap formation to occur, as opposed to micelles. 
The effect of cation concentration was investigated using calcium ions and pHi adjusted 
values of 12. As the concentration of calcium in the aqueous phase was reduced from 2000 
to 10 ppm, a clear shift in the phase behaviour at the oil-water interface was observed. The 
interface which had appeared cloudy at first, changed to a thick gel-like layer at lower 
calcium concentrations. This was identified as a sodium naphthenate. This can be explained 
by the presence of NaOH used as the pH adjustment agent which leads to the addition of 
200 ppm of sodium ions to the aqueous phase. These ions compete with the calcium ions 
for the naphthenic acids and soap formation. When the amounts of calcium ions are reduced 
in the aqueous phase, the dissociated acid will react with the sodium ions and deposit as a 
sodium soap. These tests demonstrated that calcium ion concentrations of at least 1000 ppm 
were necessary to ensure the reaction of the naphthenic acids with calcium ions in the static 
bottle tests. 
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Figure 6.3. Mass of deposit as a function of naphthenic acid concentration. Deposit formed 
from aqueous phase pH 12 adjusted with 10 wt% NaOH, and oil phase consisting of 
various concentrations of stearic acid. CMC = critical micellar concentration. 
  
6.2. Optimisation and fine-tuning of static bottle tests. 
6.2.1. Optimisation. 
The conditions for alkalinity, agitation and time dependency (10 wt% NaOH for pH 
adjustment, manual shaking and phase contact time of 24 hours) were used for the 
optimisation of oil phase compositions in the static bottle tests. A shortlist of different 
naphthenic acids was used to account for the majority of species in crude oil (Figure 5.4). 
No trends could be observed for particular acid species such as acyclics and mono-cyclics 
in terms of deposit mass and pHf. Moreover, no conclusions could be reached in regards to 
the effect of molecular weight, number of carboxylic acid groups or polarity. Generally 
speaking, the calcium aqueous phases showed lower pHf values compared to when sodium 
aqueous phases were used with the same oil phase.  The only soaps observed to form during 
these experiments were for certain acyclic species such as oleic, myristic, linoleic, stearic, 
and melissic acids. Figure 6.4 presents an example of pHf trends as a function of naphthenic 
acid concentration in the oil phase from the above-mentioned tests. All pHi values were 
adjusted to 12. The acyclic species were chosen for this experiment since they were the 
only naphthenic acids that led to an observable soap deposit with low acid concentrations. It 
can be observed in Figure 6.4 that the increase in acid concentration in the oil phase, leads 
to a lowering of pHf, which arises because of more partitioning and dissociation across the 
oil-water interface. Soaps were clearly visible in these tests. The trends in pHf decrease 
followed a specific order according to the chemical nature of the naphthenic acid moiety. 
Acids with unsaturations, such as oleic and linoleic acid, led to smaller pH variations. This 
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is because the presence of the double bonds prevents extensive ionisation of the acids. Thus 
the pH variations were also a function of the number of unsaturations in the species. Acids 
with an acyclic structure led to lower pH values, and this trend was also a function of 
molecular weight (Figure 6.4). Note the differences between hexanoic acid (6 carbons) and 
myristic and stearic acids (14 and 18 carbons respectively). The pHf was lower in the 
presence of calcium ions than sodium ions, despite the slightly higher ionic radius of 
calcium compared to sodium (197 pm as opposed to 186 pm). This is a reflection of the 
enhanced dissociation effects of divalent species on acids as discussed by Acevedo et al., 
(2001). Thus the trends in the above-mentioned experiments are a reflection of the 
solubility and dissociation of the saturated naphthenic acid species at the oil-water 
interface. 
Attempts were made to carry out similar experiments for other groups of naphthenic acids, 
such as those containing bi-cyclic structures and different number of carboxylic groups (see 
Figure 5.4). However, the difficulties encountered in these tests were in regards to the 
solubility of the acids in toluene. All acid species with more than one cyclic or aromatic 
ring, or more than one carboxylic group were sparingly soluble in toluene at or above 
concentrations of 0.01 wt%. Therefore, a trade-off between solubility and structure was 
necessary for the selection of acid species for the optimised procedures for the remaining 
experiments. Although unsaturated acyclics showed good potential for soap formation, 
these are not representative of major naphthenic acid species found in many crude oils. 
Saturated acyclics were selected because they were present in the field soap samples 
examined in (Figure 4.23). Mono-cyclic acids were also selected with two variants: a 
carboxylic group attached either directly to the ring or to an alkyl side chain. Acids with an 
aromatic ring with the same carboxylic group positioning were also chosen to allow for the 
study of differences in polarity and aromaticity. The selected species are illustrated in 
Figure 6.5.  
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Figure 6.4. Final pH value as a function of naphthenic acid concentration for acyclic 
species. Oil phases: OA oleic acid, LN linoleic acid, MA myristic acid, HA hexanoic acid, 
SA stearic acid. Aqueous phase: 25000 ppm sodium ions pH 12 adjusted with 10 wt% 
NaOH. 
 
 
 
Figure 6.5.  Naphthenic acid structures selected for fine-tuning static bottle tests. SA 
stearic acid, MA myristic acid, TBA 4-tert-butylbenzoic acid, PVA 5-phenyl valeric acid, 
TBC 4-tert-butylcyclohexane carboxylic acid, CHP cyclohexane pentanoic acid.   
 
6.2.2. Fine-tuning.  
During the fine-tuning experiments, the use of aqueous phases with pHi values below 12 
did not produce visible soap deposits in the static bottle tests. Both oil and aqueous phases 
remained clear and no deposit was recovered even after filtration of the system. There was 
however evidence that the naphthenic acids were partitioning and dissociating at pH values 
above the pKa. Cratin (1993) showed that pH at the oil-water interface may be many units 
lower than the bulk pH. This is because ionisation of acids is at a maximum at the oil-water 
interface. This trend is observed in Figure 6.6 at pHi values above 8. The acyclic species 
(MA and SA) show lower pHf values in these experiments compared to the other 
5
6
7
8
9
10
11
12
0 0.2 0.4 0.6 0.8 1
OA LN MA HA SA
pH
f
 Naphthenic acid concentration (wt%)
 171 
naphthenic acid structures, prior to the deposition of soaps (which occurs close to pH 12 in 
these experiments). These experimental observations suggest that the acyclic species are 
interacting preferably with cations at the oil-water interface.   
 
Figure 6.6. pHf as a function of pHi. Aqueous phases containing 20000 ppm calcium ions. 
Oil phases consisting of 1 wt% naphthenic acids. Key for the legend is in Figure 6.5. Note 
the reference case consists of toluene with no naphthenic acids placed in contact with the 
same aqueous phase. 
 
Thus fine-tuning investigations were also carried out to study the effect of cation 
concentrations on pHf and deposit mass, namely: calcium, sodium and barium ions 
(individually and in mixed cationic solutions as detailed in Table 5.4). It can be seen in 
Figure 6.7 that clear differences exist for the naphthenic acids in the presence of calcium 
ions obtained during the static bottle tests. The aqueous phases containing divalent ions 
(calcium and barium) showed largest pHf variations, as a function of increasing cation 
concentration (compared to the monovalent sodium ions). This can be observed in Figures 
6.7, 6.8 and 6.9. For the aqueous phases containing only sodium cations, there were less 
noticeable changes in pHf. Only the acyclic species showed significant pHf variation with 
increase in sodium concentration. Divalent cations lead to additional dissociation of 
naphthenic acids since one cation is bound to two naphthenate anions under the appropriate 
conditions. The acyclic species (MA, SA) showed the overall largest pHf differences 
compared to the other naphthenic acid species used.  
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Figure 6.7. pHf as a function of calcium ion concentration, Ca2+ (ppm) in the aqueous 
phase for a range of model naphthenic acids. The key to the legend can be found in Figure 
6.5. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8. pHf as a function of sodium ion concentration, Na+ (ppm) in the aqueous phase 
for a range of model naphthenic acids. The key to the legend can be found in Figure 6.5. 
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Figure 6.9. pHf as a function of barium ion concentration, Ba2+ (ppm) in the aqueous phase 
for a range of model naphthenic acids. The key to the legend can be found in Figure 6.5. 
 
Figure 6.10 presents an example of the soap deposit mass obtained from the same set of 
fine-tuning experiments conducted to obtain the pH trends presented in Figure 6.7. All but 
the acid species with the carboxylic acid attached to the alkyl side chain produced a deposit 
in the presence of calcium-rich aqueous phases. The possible explanation for this is steric 
hindrance caused by bulky naphthenic acid structures. The overall mass of deposit in these 
experiments remained practically constant as a function of calcium concentration. In the 
presence of sodium ions however, only the acyclic species produced a deposit which 
increased with the amount of sodium ions in the aqueous phase (results not shown). The 
amounts of deposit produced as a function of barium ion concentration were very low. Only 
acyclic species lead to deposits in the presence of barium ions (results not shown). These 
results represent combinatory effects of cation species and naphthenic acids.  
Experiments conducted on mixed cation species resulted in equally interesting results. In all 
experiments, pHf trends followed those of the individual divalent cation present. When two 
divalent species were present (i.e. calcium and barium), the trend followed that of calcium 
ions. Examples of these trends are shown in Figure 6.11 where pHf values are presented for 
mixed calcium and sodium aqueous phases. It can be observed there is good qualitative 
agreement with the pHf data shown in Figure 6.7. The deposit mass in the mixed cation 
experiments also followed particular trends; for example in Figure 6.12 it can be observed 
that the deposit mass trends are in qualitative agreement with those in Figure 6.10. 
Combinations of calcium and sodium ions lead to a range of deposits for all but the species 
with the carboxyl group attached to the alkyl side chain (possibly owing to reasons 
discussed earlier). Combination of barium and sodium ions only led to deposit formation 
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when acyclic acids were present in the oil phase. When combinations of calcium and 
barium ions were present, increases in deposit mass were only observed with the increase of 
calcium ions in the aqueous phase.  
 
Figure 6.10. Mass of deposit (g) as a function of calcium ion concentration, Ca2+ (ppm).  
Deposits formed from calcium-rich aqueous phases pH 12 adjusted, and oil phases 
comprising 1 wt% naphthenic acids. The key to the legend can be found in Figure 6.5. 
 
This data can be interpreted in light of the theory discussed in Chapter 2 in regards to the 
relationship between acids and cations at the oil-water interface and this is illustrated in 
Figure 6.13. The presence of divalent cations (e.g. calcium or barium) leads to a variation in 
pHf with increasing or decreasing cation concentration in the static bottle tests. Because the 
ionic radius of the barium (222 pm) is larger than that of the calcium (197 pm), decreased 
hydration effects are present in the aqueous phase. Brandal (2005) suggested this would 
result in highly stable films at the interface.  In tests conducted with barium aqueous phases 
in this thesis, a very small emulsion layer was seen to form at the oil-water interface. 
However this was unstable and broke after 12 minutes. Steric hindrance effects probably 
explain why only acyclic acids formed a deposit with barium ions and more bulkier 
naphthenic acid species did not.  In other words, structures such as those with carboxylic 
groups attached to the alkyl side chain (e.g. PVA) would not pack favourably at the oil-
water interface. In this case the hydration of the barium ions resulted in the presence of 
unstable soaps. This explains the larger deposit masses observed with calcium-rich aqueous 
phases, as opposed to barium-rich aqueous phases. When barium and calcium are present in 
mixed aqueous phases in static bottle tests, the calcium effect is predominant and thus 
higher deposit masses are observed with increasing calcium concentration (for a fixed 
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barium concentration). However this is only seen for the acyclic acids, owing to less steric 
hindrance compared to bulkier naphthenic acid species as per Figure 6.13. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.11. pHf as a function of calcium ion concentration, Ca2+ (ppm). Aqueous phase 
containing 25000 ppm sodium ions and increasing concentrations of calcium ions. The key 
to the legend can be found in Figure 6.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.12. Mass of deposit (g) as a function of calcium ion concentration, Ca2+ (ppm). 
Deposits formed from aqueous phase containing 25000 ppm sodium ions and increasing 
concentrations of calcium ions, and oil phases comprising 1 wt% naphthenic acids. The key 
to the legend can be found in Figure 6.5. 
 
Further evidence of the precise influence of naphthenic acid-cation interactions on the 
phase behaviour of the static bottle tests may be observed in Figure 6.14. The images show 
the different features when two acyclic acids, stearic acid (SA) and myristic acid (MA), 
where placed in contact with either a sodium-rich or a calcium-rich aqueous phase.  A thick 
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turbid and viscous emulsion was formed when sodium ions and the acyclic acids were 
placed in contact. The oil-water interface in the presence of calcium ions was reduced to a 
thin flaky turbid layer. Lower pH values result from greater concentration of hydrogen ions. 
Thus the presence of divalent ions leads to increased ionisation of the naphthenic acids, 
compared to monovalent ions. An example of this ionisation effect can be seen in the pH 
trends in Figures 6.7 and 6.8. This would then destabilise the emulsion formed at the oil-
water interface. Calcium has a slightly larger ionic radius compared to sodium ions (197 pm 
as opposed to 186 pm); yet two naphthenic acid ions are bound to one calcium ion, as 
opposed to one naphthenic acid ion bound to one sodium ion. Thus divalent ion presence 
would favour dissociation.  
 
Figure 6.13. Illustration of the alignment of naphthenic acids and cations under high pH 
conditions at the oil-water interface. SA stearic acid, TBA  4-tert-butylbenzoic acid. Note 
the bulkier TBA acids would lead to steric hindrance at the interface. 
 
Figure 6.14. Phase behaviour of static bottle tests. Aqueous phase: pH 12 adjusted, left 
image bottle stearic acid (SA), right image myristic acid (MA). Comparison of the effect of 
different aqueous phases: 25000 ppm sodium ions (right bottle), 20000 ppm calcium ions 
and 25000 ppm sodium ions (left bottle).  
 
In Chapter 4 it was shown that particular sodium-rich field deposit samples consisted 
predominantly of acyclic acids (Figure 4.27). Tests were devised to evaluate the selectivity 
of these particular acids towards sodium ions in mixed naphthenic acid solutions. In these 
tests all aqueous phases were adjusted to pH
 
12 to force the deposition of soaps. The total 
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concentration of individual acid species was 1 wt%. For comparison purposes, similar 
experiments where calcium was the main cation in the aqueous phase were also carried out. 
There were no major differences in pHf values for the experiments in Figure 6.15 for each 
individual cation used, which would minimise structural type effects. This indicates no 
differential dissociation effects, probably owing to the high concentrations of naphthenic 
acids used. Stearic acid (SA) leads to the higher amounts of deposit mass, and there is little 
difference in deposit mass between the calcium and sodium cases for this species. The use 
of cyclic or aromatic acids (i.e. TBA or TBC) leads to reduced amounts of deposit mass for 
the calcium aqueous phases as observed in Figure 6.15. Yet the most striking effect was the 
absence of deposit masses for the case when sodium aqueous phases were placed in contact 
with cyclic and aromatic acid structures, in all but one case (SA/TBC mixture as shown in 
Figure 6.15). 
Figure 6.15. Mass of deposit (g) as a function of naphthenic acid and aqueous phase cation 
properties. Deposits formed from aqueous phases containing either 25000 ppm sodium ions 
or 20000 ppm calcium ions pH 12 adjusted. Oil phases containing 1 wt% naphthenic acids: 
SA stearic acid, TBA 4-tert-butylbenzoic acid, TBC 4-tert-butylcyclohexane carboxylic 
acid. 
 
Experiments were also performed using model solutions where the ratio of acyclic/aromatic 
(SA/TBA) acid in the toluene oil phase was varied (i.e. SA and TBA acids were used in 
combination). The aqueous phase consisted of 25000 ppm sodium ions adjusted to pH 12 to 
force the formation of soaps. These results are presented in Figure 6.16. There were no 
major pHf differences in the experiments as a function of naphthenic acid ratio. The 
presence of TBA acids in the oil phase leads to reduced deposit masses. This data is 
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additional evidence for the dissociation/steric hindrance effects discussed earlier and 
illustrated in Figure 6.13.  
Based on the experimental results in this chapter, formation of deposits in the laboratory is 
a combination of acid dissociation effects (directly related to cation presence in the aqueous 
phase), cation hydration effects (related to the ionic size of the aqueous phase cation) and 
steric hindrance effects (resulting from the size and structure of the naphthenic acid). These 
effects are particularly noticeable with multi-component naphthenic acid and cation 
solutions. Under these conditions, an additional effect caused by the competition between 
acyclic vs. cyclic/aromatic structures for the formation of sodium or calcium soaps occurs. 
 
Figure 6.16. Mass of deposit (g) as a function of SA/TBA ratio in the oil phase. Total 
concentration of naphthenic acids kept constant in the oil phase at 1 wt%. Deposits formed 
from aqueous phases containing 25000 ppm sodium ions pH 12 adjusted.  
 
Figure 6.17 presents the results of the experiments detailed in Table 5.3. For the 
experiments with both calcium and sodium ions, there is an increase in pHf with increase in 
bicarbonate concentration. This is more evident for the oil phases consisting of TBA and 
SA/TBA naphthenic acids. Dissociation of the naphthenic acids is increased by the 
presence of a combination of calcium and sodium ions in the aqueous phase as shown in 
Figure 6.11, in the absence of a buffer. However, buffers should act to keep pHf high. At 
higher bicarbonate concentrations, there are more buffer ions in the system to counter-
balance the hydrogen ions resulting from the dissociation of the naphthenic acids. Thus pHf 
increases with excess bicarbonate. Less TBA may dissociate compared to SA (due to steric 
hindrance, the TBA acid may not pack as well at the oil-water interface). This could explain 
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why less bicarbonate ions were required to keep pHf values high. For the experiments with 
only sodium ions, pH remains reasonably constant with increasing bicarbonate 
concentration. Since there are only sodium ions are present in the aqueous phase, less 
naphthenic acids dissociate (see Figure 6.8). Thus, less buffer is required to maintain a high 
pHf value. All deposit masses in the bicarbonate-containing experiments (Figure 6.18) were 
small compared to those without bicarbonate buffers (i.e. Figure 6.12). The only exception 
was when stearic acid (SA) was placed in contact with bicarbonate-containing sodium 
aqueous phases. Because of high precipitation yields, less naphthenic acid is available for 
dissociation, thus pHf values for SA are higher than the other experiments owing to buffers, 
and this is also shown in Figure 6.17. Gallup et al. (2004) claimed sodium soaps would be 
formed by complex bicarbonate structures. The deposits obtained in the laboratory with 
bicarbonate buffers may represent realistic soap precipitates, since their deposition occurred 
with no prior pH adjustment. The morphological and compositional features of these 
deposits will be examined in the next section. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.17. pHf as a function of bicarbonate concentration (ppm). Aqueous phases 
containing 25000 ppm sodium ions and 20000 ppm calcium ions (legend “ 1”) or 25000 
ppm sodium ions (legend “2”).  All oil phases containing 1 wt% of naphthenic acids, SA 
stearic acid, TBA 4-tert-butylbenzoic acid.  
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Figure 6.18. Mass of deposit (g) as a function of bicarbonate. Deposits formed from 
aqueous phases containing: 25000 ppm sodium ions and 20000 ppm calcium ions (legend 
“1”) or 25000 ppm sodium ions (legend “2”). All oil phases containing 1 wt% of 
naphthenic acids, SA stearic acid, TBA 4-tert-butylbenzoic acid.  
 
6.3. Treatment of soaps formed in the laboratory.  
6.3.1. Basic morphological analysis. 
Sub-samples of soaps formed in situ under laboratory conditions were separated for 
microscopic analysis. Figure 6.19 contains images that show the results for tests conducted 
with stearic acid (SA) in the toluene oil phase. Oil-in-water (O/W) emulsions were formed 
in these tests and the continuous phase was verified by the dissolution of an aliquot in an 
aqueous phase of the same composition used.  
 
6.3.2. Particle size analysis. 
As discussed in Chapter 2, O/W emulsions are stabilised by electrostatic interactions, 
governed by the type and concentration of ions in the bulk and oil-water interface. Presence 
of divalent ions (e.g. calcium) and sodium ions (Figure 6.19a) leads to a reduction in 
droplet size compared to the case where only sodium ions are present (Figure 6.19d). The 
addition of bicarbonate ions in the aqueous phase leads to further reduction in droplet sizes 
due to counter-ion effects (Figures 6.19b and 6.19e as compared to Figure 6.19a and 6.19d). 
Bicarbonate buffer ions balance the hydrogen ions which result from the dissociation of the 
naphthenic acids at high pH values. The precise effects of cations on droplet size 
distributions can be observed in more detail in Figure 6.20. The addition of calcium ions 
has an effect on the distribution and size of emulsion droplets. The cut-off value for 
emulsion diameter appears to be 100 µm since sodium and calcium based emulsions only 
have droplets above or below this value respectively. Additional morphological features of 
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the emulsion formed from sodium ions were acquired using freeze fracturing ESEM. 
Results suggested the emulsion droplets are surrounded by an amorphous layer, which was 
previously described as a thick turbid emulsion in Figure 6.14. The emulsion analysed 
collapsed under the ESEM high vacuum so no elemental analysis was conducted. It is 
possible that these structures may represent sub-micron soap particles which would not be 
detected by the particle size analysis equipment used to generate the data in Figure 6.20. 
The smallest particle sizes which can be detected using the current set up are in the order of 
0.1 µm.  
Figure 6.19. Transmission microscopy images of in situ deposits. a) Oil phase SA 1 wt% - 
aqueous phase 25000 ppm Na+ and 20000 ppm Ca2+, b) Oil phase SA 1 wt% - aqueous 
phase 25000 ppm Na+, 20000 ppm Ca2+ and 72 ppm HCO3-, c) Oil phase SA and TBA 1 
wt% - aqueous phase 25000 ppm Na+, d) Oil phase SA 1 wt% - aqueous phase 25000 ppm 
Na+, e) Oil phase SA 1 wt% -  aqueous phase 25000 ppm Na+ and 72 ppm HCO3-, f) Oil 
phase SA and TBA 1 wt% - aqueous phase 25000 ppm Na+, 20000 ppm Ca2+ and 72 ppm 
HCO3-, g) Oil phase TBC 1 wt% - aqueous phase 1000 ppm Ca2+, h) Oil phase TBC 1 wt% 
- aqueous phase 1000 ppm Ca2+ and 25000 ppm Na+, i) Oil phase TBC 1 wt% - aqueous 
phase 1000 ppm Ba2+ and 20000 ppm Ca2+, j) Oil phase TBA 1 wt% - aqueous phase 1000 
ppm Ca2+, k) Oil phase TBA 1 wt% - aqueous phase 1000 ppm Ca2+ and 25000 ppm Na+, l) 
Oil phase TBA 1  wt% - aqueous phase 1000 ppm Ba2+ and 20000 ppm Ca2+. 
100 µm
c)a) b)
f)d) e)
i)g) h)
l)j) k)
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Figure 6.20.  Particle size distribution of in situ deposits formed from oil phase SA 1 wt%. 
Aqueous phase: left 25000 ppm sodium ions and 20000 ppm calcium ions, right 25000 ppm 
sodium ions.  
 
6.3.3. Elemental composition 
The images in Figure 6.19 showed soaps formed with distinct morphology as a function of 
naphthenic acid and cation type and concentration. For the cyclic and aromatic structures 
(TBC, TBA), solid deposits were present in the oil phases. The solids formed from TBC 
acids are more compact and resemble clusters of needle-like crystals (Figures 6.19g, 6.19h 
and 6.19i). The solids formed from TBA acids are more dispersed and resemble long thin 
needles (Figures 6.19j, 6.19k and 6.19l). It was thought that these changes in morphology 
could be attributed to different amounts of calcium ions in the original aqueous phase used 
for soap formation. For this purpose, many attempts were made to analyse the cation 
composition of aqueous phases using ICP, to check for calcium depletion. The only 
observable changes in calcium concentration were those with low initial cation content in 
the aqueous phase (~ 100 ppm). The differences at higher calcium concentrations were 
within the experimental error of the ICP measurement. ESEM/EDAX as well as XRD 
measurements showed the deposits formed from TBA and TBC acids were all calcium 
naphthenates (data not shown). Therefore the analysis of the remaining deposits formed in 
the laboratory was carried out using both ESEM/EDAX as well as XRD.  
When the soap systems (such as those in Figure 6.19a) were filtered, solid soap particles 
were formed. No clear morphological differences were observed with ESEM for these 
deposits in all tests. This was consistent with the field soap deposits presented in Figure 
4.50. Therefore the use of ESEM was discontinued as a means of fingerprinting laboratory 
deposits. Commercial naphthenic acid soaps (stearates only) were used as templates for the 
interpretation of the XRD patterns. For the EDAX studies, the theoretical atomic 
carbon/cation (C/Ca or C/Na) ratios for naphthenate soaps were used. The ratios are shown 
in Table 6.4. 
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Table 6.4. Theoretical carbon/monovalent cation (sodium) atomic ratio, C/Na. Theoretical 
carbon/divalent cation (calcium or barium) atomic ratio, C/Ca or C/Ba. SA stearic acid, 
TBA 4-tert-butylbenzoic acid, TBC 4-tert-butylcyclohexane carboxylic acid.  
 
Calcium, sodium and mixed calcium-sodium aqueous phases. 
An example of the use of the measured EDAX atomic ratios for the analysis of laboratory 
deposits is presented in Figure 6.21. In these experiments calcium-rich aqueous phases 
were used. The carbon/calcium (C/Ca) for the laboratory soaps formed were between 18 
and 36 and are close to the theoretical ratios, 28 and 36 shown in Table 6.4. No other 
cations were found in the deposits. The cases where the carbon/calcium was lower than the 
theoretical ratio (i.e. TBC acid) indicate that there are more calcium ions in the sample than 
in pure calcium naphthenate soaps. In this case, the additional calcium ions are a result of 
the formation of calcium hydroxide formed due to the pH adjusting medium. 
 
Figure 6.21. Carbon/calcium (C/Ca) atomic ratios. Deposits formed from aqueous phases 
containing calcium ions pH 12 adjusted. Oil phases containing 1wt% acid solutions. 
Legend in Table 6.4. Cation concentrations are plotted in wt% for ease of interpretation. 
 
One of the XRD patterns for the deposits formed from calcium-rich aqueous phases in 
contact with an oil phase containing stearic acid is shown in Figure 6.22. It can be observed 
that the laboratory deposit pattern is very similar to the pattern of the commercial calcium 
stearate also plotted in the figure. This supports the conclusions reached from the analysis 
Naphthenic acid C/Na      C/Ca or  C/Ba 
SA 18 36 
TBC/TBA 14 28 
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of the EDAX data, that the deposits formed in the laboratory were mostly calcium 
naphthenate soaps. 
 
Figure 6.22. XRD patterns. 1 is the pattern from the deposit formed from aqueous phase 
containing 20000 ppm calcium ions pH 12 adjusted, oil phase 1 wt% SA, 2 is the pattern of 
a commercial calcium stearate. 
 
Figure 6.23 presents the XRD pattern for the laboratory deposits obtained from an aqueous 
phase with sodium ions and an oil phase with stearic acid. The deposit pattern is very 
similar to that of the commercial sodium stearate also plotted in the figure. This indicates 
that sodium stearate was formed in this static bottle test, as a consequence of sodium-rich 
aqueous phases.  
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Figure 6.23. XRD patterns. 1 is the pattern from the deposit formed from aqueous phase 
containing 25000 ppm sodium ions pH 12 adjusted, oil phase 1 wt% SA, 2 is the pattern 
from a commercial sodium stearate. 
 
The effect of using mixed calcium and sodium aqueous phases on the composition of the 
deposits formed in the laboratory is shown in Figure 6.24. The carbon/calcium (C/Ca) ratios 
are similar to the data presented in Figure 6.21. This means that the deposit contains 
predominantly calcium naphthenates. Figure 6.25 presents the carbon/sodium (C/Na) ratios 
for the same samples analysed in Figure 6.24. The carbon/sodium (C/Na) ratios for these 
samples were only close to the theoretical ratio shown in Table 6.4 for certain cases, when 
acyclic acids were used with aqueous phases with lower calcium concentrations (0.1 wt%). 
In other words, mixed calcium and sodium naphthenates may form under these 
experimental conditions, and this is a function of the availability of acid types and cations. 
At higher calcium concentrations the C/Na ratio increases due to the formation of calcium 
soaps (in which two naphthenate ions bind to one calcium ion). Figure 6.26 and 6.27 
present examples of XRD patterns for these deposits which support the conclusion of mixed 
naphthenate formation. These results suggest that naphthenic acids may precipitate as 
sodium or calcium salts given the right combination of pH and cations in the aqueous 
phases.  The use of non-acyclic acids structures did not lead to any deposit formation when 
placed in contact with sodium-rich aqueous phases. Under field conditions, soap emulsion 
samples are monovalent cation-rich, owing to the very large sodium concentration in the 
produced waters. The predominant naphthenic acids in these field deposits are acyclics 
(Figure 4.27). The results presented in this section point to the favoured reactions between 
acyclic acids and monovalent sodium ions. 
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Figure 6.24. Carbon/calcium (C/Ca) atomic ratios. Deposits formed from aqueous phases 
containing 25000 ppm sodium ions and various concentrations of calcium ions pH 12 
adjusted. Oil phases containing 1 wt% acid solutions. Legend in Table 6.4. 
 
Figure 6.25. Carbon/sodium (C/Na) atomic ratios. Deposits formed from aqueous phases 
containing 25000 ppm sodium ions and various concentrations of calcium ions pH 12 
adjusted. Oil phases containing 1 wt% acid solutions. Legend in Table 6.4. 
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Figure 6.26. XRD patterns. 1 is the pattern from the deposit formed from aqueous phase 
containing 25000 ppm sodium ions and 20000 ppm calcium ions pH 12 adjusted, oil phase 
1 wt% SA, 2 is the pattern from a commercial calcium stearate and 3 is the pattern from a 
commercial sodium stearate. 
 
 
Figure 6.27. XRD patterns. 1 is the pattern from the deposit formed from aqueous phase 
containing 25000 ppm sodium ions and 1000 ppm calcium ions pH 12 adjusted, oil phase 1 
wt% SA, 2 is the pattern from a commercial calcium stearate and 3 is the pattern from a 
commercial sodium stearate. 
 
 
Mixed barium-sodium and calcium-barium aqueous phases. 
Precipitates formed from mixed barium and sodium aqueous phases were only obtained 
when the acyclic naphthenic acid species were present in the oil phase. However, even for 
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these samples, the precipitate yields were small. The EDAX measurements suggest that the 
precipitates are composed of barium stearate when higher barium concentrations are in the 
aqueous phase. For lower barium concentrations in the presence of sodium, the deposits 
formed were sodium naphthenates. This was also supported by XRD patterns, and by the 
proposed stability of the divalent cation films reported by Brandal (2005). The steric 
hindrance caused by the fast absorption of acids at the oil-water interface with barium ions, 
would prevent the formation of large amounts of deposits (note since barium has the largest 
ionic radius, hydration effects are minimized, and absorption of acids maximized).  
The deposits formed from aqueous phases with a mixture of calcium and barium ions are 
presented in Figure 6.28 and 6.29. The carbon/calcium (C/Ca) atomic ratios in Figure 6.28 
obtained for the acyclic acid species (SA) were in the range of the theoretical values 
presented in Table 6.4. This suggests that in all cases calcium naphthenates were present in 
the deposit, even in the presence of barium ions in the original aqueous phase. At lower 
calcium concentrations however (0.1 wt%), barium naphthenate could also form and this is 
supported by data in Figure 6.29. This is mostly because the carbon/barium (C/Ba) ratio for 
the case of low calcium concentration is within the theoretical range shown in Table 6.4. 
For higher concentrations of calcium (i.e. 2.0 wt%), the barium in the deposits is owing to 
the formation of barium hydroxide. This was concluded by the analysis of EDAX/XRD 
(data not shown). The results are probably an indication of the different interactions 
occurring between the acid and the two divalent cations (barium and calcium) in solution. 
The presence of barium ions in the aqueous phases leads to decrease in precipitate amounts, 
in particular for the cyclic and aromatic acids. Thus, when mixed divalent ions are present, 
calcium ions are favoured in the formation of soaps, particularly with non-acyclic species. 
This is also observed from the analysis of the field deposit samples, which have a 
predominance of calcium ions (Table 4.9).  
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Figure 6.28. Carbon/calcium (C/Ca) atomic ratios. Deposits formed from aqueous phases 
containing 20000 ppm barium ions and various concentrations of calcium ions pH 12 
adjusted. Oil phases containing 1 wt% acid solutions. Legend in Table 6.4. 
  
Figure 6.29. Carbon/barium (C/Ba) atomic ratios. Deposits formed from aqueous phases 
containing 20000 ppm calcium ions and various concentrations of barium ions pH 12 
adjusted. Oil phases containing 1 wt% acid solutions. Legend in Table 6.4. 
 
 
Bicarbonate-rich aqueous phases.   
Table 6.5 presents the measured carbon/cation ratios for the deposits formed in the 
laboratory from aqueous phases containing bicarbonate ions, i.e. those which gave rise to 
Figures 6.17 and 6.18. 
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Note. n.a. = not available due to absence of deposit formation. 
 
Table 6.5. Carbon/calcium atomic ratio (C/Ca), carbon/sodium atomic ratio (C/Na) for 
laboratory deposits formed from bicarbonate-containing aqueous phases. Oil phases 
containing 1 wt% naphthenic acids (SA stearic acid, TBA 4- tert-butylbenzoic acid).  
 
For the cases where only sodium ions are present in the aqueous phase in the presence of 
bicarbonate, the carbon/sodium ratio (C/Na) for the laboratory deposit is 39.8 which is 
above the theoretical ratio of 18 in Table 6.4. This suggests the deposit formed in the 
presence of sodium and bicarbonate does not contain the same atomic distributions as the 
sodium naphthenates formed from sodium-rich aqueous phases discussed earlier. 
Nevertheless, when calcium ions are present in the aqueous phase, the carbon/calcium 
ratios (C/Ca) are 43.1 and 31.7. These are close to those shown in Table 6.4 formed when 
no bicarbonate was present. This suggests the deposits formed in the presence of calcium 
and bicarbonate are most likely calcium naphthenates. Moreover, the presence of 
bicarbonate ions in the aqueous phase did not affect the atomic distribution in the deposit 
formed in the laboratory. 
The work of Gallup et al. (2005) postulated that sodium carboxylate soap emulsions form 
owing to the complexation between the sodium ions, bicarbonate ions and acyclic acids. 
Bicarbonate ions are not implicated with the formation of calcium naphthenates under field 
conditions (Smith and Turner, 2004). The carbon/calcium ratios (C/Ca) in Table 6.5 appear 
to support this conclusion. Figure 6.30 presents a comparison of the diffraction patterns for 
a commercial sodium stearate, and that of a deposit formed from an aqueous phase 
consisting of 25000 ppm sodium ions and 72 ppm bicarbonate ions and oil phase of 1 wt% 
stearic acid. Note in Figure 6.30 that the XRD pattern is also different from the one shown 
in Figure 6.23 for the laboratory soap formed from an aqueous phase containing 25000 ppm 
sodium ions and oil phase with 1 wt% stearic acid. The XRD pattern in Figure 6.30 
suggests the presence of bicarbonate ions led to the formation of a deposit which does not 
have the same crystalline arrangement as sodium stearate, which also supports the EDAX 
data in Table 6.5. These results were independent of the concentration of bicarbonate used 
in the experiments. The theoretical carbon/sodium ratio (C/Na) for the bicarbonate-
Oil Phase Aqueous Phase 
  
20000 ppm Ca2+, 25000 
ppm Na+and 72 ppm 
HCO3- 
25000 ppm Na+ 
and 72 ppm 
HCO3- 
                    C/Ca           C/Na 
SA 43.1 39.8 
SA/TBA 31.7 n.a. 
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containing complex structure, from the work of Gallup et al., (2005) is 39 (this was 
calculated using the average molecular weight of the predominant naphthenic acid in the 
soap emulsion sample reported by the authors). The measured ratio for the deposit 
precipitated in the laboratory in the presence of bicarbonate ions was 39.8 as presented in 
Table 6.5.  The results in this section therefore suggest that the deposits formed in the 
laboratory in the presence of bicarbonate ions may lead to soaps containing naphthenic 
acid-sodium ion-bicarbonate ion complexes. 
Figure 6.30. XRD patterns. 1 is the pattern of the deposit formed from: aqueous phase 
containing 25000 ppm sodium ions and 72 ppm bicarbonate ions, oil phase 1 wt% stearic 
acid (SA), 2 is the pattern of a commercial sodium stearate. 
 
In conclusion, in this section a series bottle tests was optimised to investigate the formation 
of soaps under laboratory conditions. Phase behaviour and precipitation of deposits was 
shown to be a function of: 
 
- cation species and their concentrations, particularly divalent/monovalent and bicarbonate 
in the aqueous phases, 
- the pH adjustment media and the initial pH used and 
- the type and concentration of naphthenic acids used in oil phases. 
 
Both calcium naphthenate soap scales and sodium carboxylate soap emulsions were 
obtained in the laboratory and the specific phase relationships in this section generally 
support the data obtained for the field deposit sample analysis presented in Chapter 4. 
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6.3.4. Surface properties of naphthenic acids in soap-forming systems. 
Interfacial tension (IFT) measurements between oil phases with naphthenic acids and 
aqueous phases containing pH adjusted brines were carried out. The experiments were 
conducted at pH values prior to the formation of deposits in solution. These values were pH 
6.5 and 12 for the systems with and without bicarbonate ions respectively. Figure 6.31 
presents the IFT data for sodium-rich aqueous phases. Clear differences are observed as a 
function of pH and precise naphthenic acids present. The acyclic SA acid showed a gradual 
decrease in IFT, more pronounced at pH values above 8. This is in-line with the results of 
Cratin (1994), who was able to explain the initial high constant IFT at low pH by the 
presence of unionised, non-surface active SA. Decreases in IFT were said to be owing to 
the formation of surface-active species or the ionised SA. In this thesis, acids having 
structures other than saturated acyclics, such as TBA, showed constant IFT values as a 
function of pH and this was in-line with the data of Gomari and Hamouda (2006). Because 
of constant IFT values it could be concluded that the change in pH does not lead to 
significant partitioning and dissociation of these acids species. The results in this section 
suggest the prevailing influence in the IFT trends is of steric hindrance. This may be a 
result of the packing of the particular naphthenic acid at the oil-water interface. Constant 
IFT values are also observed in mixed acid systems and this is also shown in Figure 6.31. 
In this case it can be observed that the predominant effect is that of the non-acyclic over the 
acyclic species. 
Figure 6.31. IFT measurements. Aqueous phases containing 25000 ppm sodium ions, oil 
phases 1 wt% naphthenic acid solutions in toluene. SA stearic acid, TBA 4-tert-
butylbenzoic acid. 
 
0
5
10
15
20
25
30
35
0 2 4 6 8 10 12pH
IF
T
 
(m
N
/m
) SA
TBA
SA/TBA
 193 
Figure 6.32 shows the IFT results for the calcium-rich aqueous phases. There is some 
scatter in the data, although it can be observed that there are no major variations in final 
IFT values as a function of pH. Values are between 24 to 32 mN/m. Because calcium ions 
are divalent, they are bound to two acid groups as opposed to just one for the sodium ions. 
As presented in Figures 6.7 and 6.8, this leads to an increase in dissociation of acids (as 
measured by lower pHf values). Thus there would be less ionised naphthenic acids available 
for reduction of IFT. This would make the oil-water interface more rigid, hence higher IFT. 
Figure 6.33 presents the IFT values for mixed calcium and sodium aqueous phases. 
Previous pHf data as in Figure 6.11 has shown that the dissociation and partitioning of 
naphthenic acids is a direct function of the presence of the divalent species. The IFT data in 
Figure 6.33 is in qualitative agreement with that in Figure 6.32. The overall effect on IFT is 
therefore also a function of the presence of divalent species. However, the IFT for the SA 
acid decreases slightly with increase in pHi followed by an increase at higher pHi values. 
An explanation for this could be the competition of sodium and calcium ions for the 
stearate ions, as indicated in the previous section with the mixed naphthenate laboratory 
soaps. As pH increases, sodium acid pairs might be formed preferentially at first 
(monovalent cations require only one naphthenate anion). As the pH increases further, more 
acid becomes dissociated, and calcium acid pairs start to form preferably. This may lead to 
a more stable film at the interface, which helps revert the IFT back to high values. 
 
Figure 6.32. IFT measurements. Aqueous phases containing 20000 ppm calcium ions, oil 
phases 1 wt% naphthenic acid solutions in toluene. SA stearic acid, TBA 4-tert-
butylbenzoic acid. 
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Figure 6.33. IFT measurements. Aqueous phases containing 20000 ppm calcium ions and 
25000 ppm sodium ions, oil phases 1 wt% naphthenic acid solutions in toluene. SA stearic 
acid, TBA 4-tert-butylbenzoic acid. 
 
 
The IFT values for barium-rich aqueous phases follow the trends for calcium solutions 
shown in Figure 6.33, despite the higher hydration radius for barium ions (data not shown). 
It is likely that this is caused by unstable films effects caused by rapid absorption at the oil-
water interface with barium ions. 
Figure 6.34 presents the IFT trends for selected bicarbonate-containing systems. When 
sodium is the only cation present with bicarbonate ions, the IFT remains high and constant 
as a function of pH. When calcium is added to the bicarbonate aqueous phase an interesting 
effect occurs. Calcium leads to an enhanced effect on naphthenic acid phase behaviour, yet 
buffer ions would act to keep pH at constant high values. The combined effect is significant 
naphthenic acid partitioning and dissociation. When acid-cation pairs are formed the IFT 
values remain high. As pH values are increased further, the excess dissociated acid then 
leads to the precipitation of the solid. The IFT trends in Figure 6.34 are consistently higher 
than those presented in Chapter 4 for naphthenic acid extracts separated from field soap 
deposit (Figure 4.53). The trends in Chapter 4 may be justified by the presence of more 
surface-active species, such as Arn in the naphthenic acid extracts. The results would thus 
also point to very specific naphthenic acid phase behaviour together with combinatory 
surface activity effects. Because IFT trends in the presence of bicarbonate did not show 
major variations (Figure 6.34) it is unlikely these surface properties could be used for the 
prediction of soap formation onset. 
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Figure 6.34. IFT measurements. Aqueous phases containing 25000 ppm sodium ions, 
20000 ppm calcium ions and 72 ppm bicarbonate ions, oil phases 1 wt% naphthenic acid 
solutions in toluene. SA stearic acid, TBA 4-tert-butylbenzoic acid. 
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6.4. Formation of soaps using indigenous acids and crude oil systems. 
6.4.1. Tests on indigenous acids. 
6.4.1.1. ESEM/EDAX results. 
The next paragraphs discuss the characterisation of indigenous acids separated from a soap 
deposit sample from Field Y prior to using this in static bottle tests. Procedure B (Section 
3.1.2) described the preparation of this material. The preliminary step was to obtain a clean 
calcium soap scale which appears as a flaky light brown solid (Figure 6.35). The ESEM 
image shows a fairly homogeneous surface with embedded crystals of sodium chloride, 
sands and fines. The EDAX analysis of the clean calcium soap is presented in Table 6.6. 
The sample is composed of  8.5 wt% calcium which is much larger than the values reported 
for the field deposits in Table 4.9 (2-3 wt%). The reason for this is that the clean calcium 
soap is free from contaminants.  
Baugh et al. (2004) suggested that there would be around 80 carbon atoms and four 
carboxylic acid groups in the Arn acid of a calcium naphthenate deposit. Thus Arn could be 
bound to different numbers of calcium ions. Some of the possible configurations are shown 
in Figure 6.36, where the Arn is schematically displayed bound to 4 or 2 calcium ions.  
The carbon/calcium ratio (C/Ca) of 30 for the clean calcium soap (which is the most 
concentrated sample of calcium naphthenate obtained in this thesis) is shown in Table 6.6. 
This is also the average value of the carbon/calcium ratios (C/Ca) shown in Figure 6.36 (i.e. 
the average of 20 and 40). It has been suggested by Baugh et al. (2005a) that the Arn acid 
contains four carboxylic acid groups. If this is true, then the C/Ca ratio above suggests at 
least two or more calcium ions are involved in the Arn molecule (Figure 6.36).  This could 
result in calcium-Arn networks growing in a polymer like fashion, and may explain the 
sticky network-like structure reported for field calcium naphthenate soap scale deposits 
(Vindstad et al., 2003).  On the other hand, if the clean calcium soap does not contain a 
high percentage of Arn species, then the carbon/calcium ratio (C/Ca) of 30 could be 
assigned to naphthenic acid species with an acyclic chain and fifteen carbon atoms (i.e. 
30/2, 15, or the number of carbon atoms in naphthenate anion chain unit). The possible 
molecular weights for this naphthenic acid structure would be between 234 and 242 
Daltons. Additional measurements in this chapter will provide more information on the 
correct distribution of Arn species in the indigenous acid samples.  
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Figure 6.35. Left: Image of clean calcium soap from Field Y soap sample. Right: ESEM 
image of clean calcium soap from Field Y soap sample. 
 
 
Table 6.6. EDAX/ESEM analysis of clean calcium soap scale. From Field Y soap sample. 
 
 
Figure 6.36. Illustration of possible carbon/calcium ratios (C/Ca) in a calcium naphthenate 
soap scale containing predominantly Arn naphthenic acid species.  
 
+
-2
C/Ca = 20 C/Ca = 40
Calcium 
Arn 
+
+ +
-2
-2-2
Clean soap Clean soap
 Element  Wt %  At %
C 78.57 88.39
O 7.48 6.32
Na 1.22 0.72
Al 0.22 0.11
Si 0.49 0.24
S 0.48 0.20
Cl 3.05 1.16
Ca 8.49 2.86
C/Ca 30.91
C/Na 122.76
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6.4.1.2. ES results. 
Figure 6.37 presents the ES of the indigenous acids obtained from the clean calcium soap 
described in the Section 6.4.1.1. The blue spectrum shows that the indigenous acids from 
the deposits are composed of a range of naphthenic species since the m/z ratios may be 
assigned to specific acid molecular weights. A cluster of ions around m/z 1230 is present 
and these represent Arn (Baugh et al., 2004). Figure 6.37 also shows a spectrum where no 
Arn was detected (pink trace). Individual ionisation efficiencies for particular naphthenic 
acid species are not known and these effects on sample spectra have been discussed in 
Chapter 4. However, in the blue spectrum the concentration of Arn was estimated to be 
around 80 ppm. This was based on dissolution of indigenous acids in increasing volumes of 
toluene. The sample that gave rise to the blue spectrum was diluted 50 vol% to generate the 
pink spectrum. Thus it can be concluded that the maximum concentration of Arn 
identifiable with the ES set-up in this thesis was 80 ppm, without additional separation of 
the naphthenic acids (e.g. LCMS). 
Figure 6.38 presents the speciation of the indigenous naphthenic acids, as given by 
hydrogen deficiency (Z) and carbon number, according to procedures discussed in Section 
3.2.1.2. The amount of Arn in this sample is 4 wt% based on MS signals. This value is very 
close to the amount of found in the naphthenic acid extracts from Field Y deposit, which 
was 2 wt% (Table 4.4). The increase may be attributed to the removal of contaminants such 
as crude oils. It is clear that although the Arn acids have the highest percentage within the 
indigenous acids, there is no clear predominance of this species in the spectrum. Acyclic 
species account for almost a quarter of the total acids present, most of which have carbon 
numbers below 40.  The presence of a wide distribution of naphthenic acid species may 
reflect the deposition mechanism itself, as was discussed in Section 4.7. Moreover this 
could be related to diffusion effects towards the oil-water interface (a function of 
naphthenic acid molecular weight and structure) and the relative affinity towards the 
calcium ions. Data in Figure 4.53 and Figure 6.34 showed that the IFT of naphthenic acid 
extracts from field deposits was significantly lower than those for model solutions.  
It is likely that indigenous acids containing Arn would be favoured over other structures for 
the precipitation of a calcium salt due to: preferential surface properties, and the possibility 
of binding with up to four calcium ions due to the presence of the claimed four carboxylic 
acid groups. However, lower molecular weight acids would diffuse faster to the oil-water 
interface. Thus a competition could be established between the high and low molecular 
weight naphthenic acids for the formation of calcium naphthenate soap scale.  
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Figure 6.37. ES spectra of indigenous acids from Field Y soap sample. Blue spectrum is 
for a sample containing 80 ppm Arn. Pink spectrum represents a 50 wt% dilution of the 80 
ppm sample.  
 
Figure 6.38. Speciation of indigenous acids from Field Y soap sample as given by 
hydrogen deficiency (Z) and carbon number. Legend represents Z values. 
 
6.4.1.3. MS/MS results. 
Initially it was intended to fragment the Arn precursor ion with m/z 1230 and 1234 since 
these were some of the most intense peaks present in the indigenous acid spectrum (Figure 
6.37). However, all attempts to fragment the ions were unsuccessful, even with very high 
collision energies. As a compromise, it was decided to use the doubly charged ions with 
m/z 617 (these represent the second ionisation of the Arn which has m/z around 1234). The 
daughter ion spectrum, MS2, from the precursor with m/z 617 is shown in Figure 6.39, and 
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expanded in Figure 6.40. The most intense daughter ions are those forming a cluster from 
m/z 563 to 617. The ion at m/z 617 may be ascribed to the ionisation of two carboxyl 
groups. This is evidence for the presence of two carboxyl groups in the Arn species, and 
confirms the suggestions of Brocart et al. (2005). Ions from one of the carboxyl groups in 
the Arn which were not ionised in the first MS experiment show doubly charged pairs 1 
Dalton apart. Table 6.8 presents possible assignments for the mass losses from the major 
products observed. The doubly charged species would account for loss of carbon dioxide 
(CO2), carbon monoxide (CO) and water (H2O). For these experiments, it is likely that the 
highest intensity at m/z 585 represents the loss of both H2O and CO2. This is illustrated in 
Figure 6.41. Nevertheless these daughter ions do not provide additional information on the 
structure of the Arn itself. But it would appear that the fragmentation of the Arn acids is 
favoured at the carboxyl groups, which is probably a result of their high polarity as 
compared to the hydrocarbon backbone chains. 
 
 
Figure 6.39. MS2 from precursor ion m/z 617. 
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Figure 6.40. MS2 from precursor ion m/z 617, expanded view. 
 
 
 
 
 
 
 
 
 
 
 
Table 6.8. Assignment of m/z ions in MS2 experiment. 
 
 
 
m/z of 
 product ion 
Cumulative  
mass loss Assignment 
    563     105 Loss of 2 CO2 , H2O 
567 96.9 Loss of 2 CO, CO2 
576 78.9 Loss of CO2, CO 
585 62.9 Loss of H2O, CO2 
589 52.9 Loss of 2 CO 
607 16.9 n.a. 
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Figure 6.41. Possible assignment of MS2 of precursor ion m/z 617. Note CID is collision-
induced dissociation which generates the ion fragments. This figure shows a possible 
fragmentation path of the 4 carboxyl groups in the Arn which occurs with loss of water and 
carbon dioxide. Note R represents the groups which link the different carboxyl groups 
together in the Arn unit. 
 
A series of low m/z product ions from Figure 6.39 which are singly charged, are shown in 
the expanded spectra of Figure 6.42. This series is dominated by ions with m/z from 195 to 
433. The only mono-carboxylic acids identified in this cluster were at m/z 155 and 295, but 
the intensity for these species is very low. These can be assigned to bi-cyclic naphthenic 
acids with carbon numbers ranging from 12 to 29. Two possible structures for the 
predominant bi-cyclic naphthenic acid species identified are shown in Figure 6.43.  
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Figure 6.42. MS2 from precursor ion m/z 617, expanded view. 
Figure 6.43. Possible structures present in the MS2 of precursor ion m/z 617, assigned from 
Figure 6.42. 
 
The structures in Figure 6.43 could represent the basic structures present in Arn (i.e. one of 
four groups containing one carboxylic acid). Structure a) in Figure 6.43 is a bi-cyclic 
naphthenic acid with 29 carbons. This is consistent with the structures suggested by 
Lutnaes et al. (2006) from 2D NMR experiments. Given the MS/MS results it can be 
concluded that the carboxyl groups in the Arn show preferential ionisation. The MS/MS 
results presented here indicate the presence of two carboxylic acid groups and suggest that 
the basic Arn unit (e.g. the single ionisable group at around m/z 1230) consists of a bi-
cyclic naphthenic acid, with an alkyl side-chain with up to 29 carbon atoms. The precise 
determination of molecular structure for each daughter m/z species would assist in the 
correct assignment of the fragmentation patterns. 
 
6.4.1.4. 1D and 2D NMR results. 
Figure 6.44 presents the 1H NMR solution spectrum of the indigenous acid sample from 
Field Y. 
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Figure 6.44. 1H NMR solution spectrum for the indigenous acids from Field Y soap 
sample. 
 
This spectrum shows similarities to those presented in Figure 4.33. At least 4 distinct peaks 
can be seen in the aliphatic region between 2.3 and 0.8 ppm. There are two peaks at 7.2 and 
2.4 ppm which indicate the presence of aromatics. These peaks are from traces of the 
solvent (toluene) used to extract the acids from the sample as described in Chapter 3. Figure 
6.45 presents the 13C NMR solution spectra for the same sample, which indicates the 
presence of aliphatic carbons between 40 and 15 ppm, and is also similar to the spectrum 
shown in Figure 4.34. A peak was observed at 180 ppm, which is an indication of 
carboxylic acid groups, and is consistent with those reported by Baugh et al. (2005) and 
Brandal (2005a). This peak was not observed for the field soap sample reported in Figure 
4.34. This is probably because of the reduced contamination in the indigenous acids after 
removal of crude oil. Figure 6.46 presents an enhanced image of the spectrum in Figure 
6.45, showing the carboxylic acid carbon region, which shows at least four defined peaks 
and could be an indication of at least four distinct carboxylic acid groups in the indigenous 
acid sample. The indigenous acids consist of a range of structures, including Arn, although 
it is impossible to ascertain to which acid structures these carboxylic groups actually 
correspond to. DEPT spectrum for the indigenous acids was also acquired, and is shown in 
Figure 6.47. The data indicates that most of the species in the indigenous acids are 
composed of CH2 and CH. The exact signature point to branched cyclic species, according 
to the guidelines of Silverstein et al., 2005. This result is also consistent with the data 
presented in Chapter 4. 
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Figure 6.45. 13C NMR solution spectrum for the indigenous acids from Field Y soap 
sample.
 
 
Figure 6.46. 13C NMR solution spectrum for the indigenous acids in the carboxylic carbon 
range (expanded view) from 178 to 177.5 ppm. 
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Figure 6.47. DEPT 13C NMR solution spectrum for the indigenous acids from Field Y soap 
sample. 
 
Figure 6.48 presents a cross polarisation (CP) solid state 13C NMR spectrum acquired from 
the indigenous acid species. The result is consistent with the spectrum from the 13C NMR 
solution spectrum in Figure 6.45. There is a group of signals at around 180 ppm from 
carboxylic acid carbons. In addition, there is a broad low intensity band from 150 to 120 
ppm which is evidence of trace aromatics, possibly from the solvents used in sample 
preparation. There is also an intense band from 60 to 10 ppm from aliphatic carbons. Figure 
6.49 presents the results of a dipolar dephasing experiment (DD). In principle this should 
give signals only from quaternary carbons. However, in practice any mobile species also 
tends to contribute to this spectrum, in particular, methyl carbon groups. The DD spectrum 
contains the signal from the carboxylic acids, a reasonable amount of the aromatic signal, 
methyl groups at 28 to 20 ppm and some signals between 50 to 30 ppm. The latter may 
originate from quaternary carbons, yet it is more likely to be unsuppressed C-H signals. It 
can be concluded that the indigenous acids consist mostly of cyclic aliphatic acids with the 
carboxylic acid. There is also suggestion of methyl groups attached to the cycloaliphatic 
rings as was concluded from the analysis of the field soap samples presented in Table 4.6. 
 
 
 
 
 
ppm 104080120180
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Figure 6.48. 13C NMR CP spectra of indigenous acids from Field Y soap sample. 
 
 
 
 
Figure 6.49. 13C NMR DD spectra of indigenous acids from Field Y soap sample. 
 
Figures 6.50 to 6.52 present the result of the 2D NMR experiments carried out on the 
indigenous acids. Three experiments were conducted: g-HMBC, which investigates long 
range correlations through polarisation transfer through the carbon atoms, g-HMQC which 
investigates single bond correlations and g-HMQC TOCSY which looks at spin-spin 
coupling correlations, where polarisation transfer is carried out through pairs of hydrogen 
atoms attached to carbons which are close together. The interpretation of the 2D NMR 
spectra was carried out according to the guidelines in Silverstein et al. (2005). Figure 6.50 
presents the g-HMBC spectrum for the indigenous acids. The x-axis is the 1H spectrum and 
the y-axis is the 13C spectrum and two particular regions are annotated. Regions A are 
resonances due to the toluene solvent. Regions B show the correlations between the 
carboxylic acid carbon, the aliphatic carbons and the hydrogen atoms which are bonded to 
them. The results suggest that the carboxyl groups in the indigenous acids are bonded to a 
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CH2 carbon. This is due to the location of the points close to the x-axis region associated 
with this structure. The results also suggest that the carbons in the acyclic region of the 13C 
spectrum are also CH2 species. 
 
 
Figure 6.50. g-HMBC (long-range C-H correlation) for indigenous acids from Field Y soap 
sample. 
 
Figure 6.51 presents the g-HMQC spectrum for the indigenous acids. There are many 
features in the spectrum which makes interpretation difficult. Two regions however can be 
clearly highlighted. Regions A are due to the presence of the toluene solvent.  Regions B 
appear to be present for three separate groups of carbon atoms. They also suggest clusters 
of CH2 carbons in cyclic structures and the absence of methyl terminated groups 
(Silverstein et al., 2005).  
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Figure 6.51. g-HMQC (C-H correlation) for indigenous acids from Field Y soap sample. 
 
Figure 6.52 presents the g-HMQC TOCSY for the indigenous acids. There are also many 
features in the spectrum which are a result of the different naphthenic acid structures 
present in the indigenous acid samples. The interpretation of this spectrum is therefore 
focused on the 3 clusters identified by the letter B. These suggest the presence of 
hydrocarbon chains of at least four carbon atoms in the aliphatic region according to 
published guidelines (Silverstein et al., 2005). The spin-spin correlations are an indication 
that cyclic hydrocarbon structures are present in the sample,  with attached branched side-
chains. Additional interpretation would only be possible with further separation of 
particular naphthenic acid species. For this reason, no experiments with the ADEQUATE 
technique were attempted.   
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Figure 6.52. g-HMQC TOCSY (spin-spin correlation) for indigenous acids from Field Y 
soap sample. 
 
The heavily populated spectra in Figures 6.51 and 6.52 are in sharp contrast with the data of 
Lutnaes et al. (2006), where these authors carried out experiments with acids separated 
from a field deposit using an ion exchange resin and derivatization with BF3/methanol. 
They did not address the effect of acid separation and derivatization on the 2D NMR 
spectra they obtained. The main results in this thesis for the NMR evaluation of the 
indigenous acids showed the presence of at least four carboxylic carbons, and a 
predominance of aliphatic groups. The carboxyl groups were shown to be attached to CH2 
carbons. Hydrocarbon chains in the aliphatic range were identified to contain at least four 
carbon atoms. The results therefore suggest the main average structure in the indigenous 
acid is a cycloaliphatic structure, with alkyl side chains. An example is shown in Figure 
6.53. 
 
Figure 6.53.  Illustration of average structure in indigenous acids given by the 2D NMR 
experiments. 
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6.4.1.5. LCMS results. 
Mass spectrometry sensitivity results in Chapter 4 indicated that atmospheric pressure 
sources and polar solvents (such as acetonitrile) lead to preferential detection of Arn to the 
detriment of lower molecular weight naphthenic acid species in the soap sample. Thus it 
was opted to use this source-solvent combination to ensure high ionisation of Arn in the 
indigenous acids to allow for further characterisation by LCMS. Figure 6.54 presents the 
ion chromatogram obtained for the indigenous acids using acetone as the eluent. Acetone 
was included in the testing owing to HSE and cost reasons (dilution of the acetonitrile 
solvent) since it was also used to calibrate the LC column. 
 
Figure 6.54. Ion chromatogram for indigenous acid samples with acetone as the eluent. 
Different colours represent distinct LC sample runs. 
 
The chromatograms shows 3 major components in the indigenous acids with retention 
times of 1.2, 1.4 and 1.5 minutes. The mass spectrum for each of these components was 
also studied. The indigenous acid fractions show major concentration of species between 
m/z 1228 and 1248, an example of which is presented in Figure 6.55, for the component 
with retention time 1.2 minutes. The results in Figure 6.55 suggest different groups of Arn 
naphthenic acids present in the sample: from m/z 1230 to 1236, and from m/z 1240 to 1247. 
Nevertheless the use of acetone as an eluent did not allow for the concentration of samples 
for further analysis. Therefore the use of this solvent alone for LC was not pursued further. 
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Figure 6.55. Mass spectra of sample from retention time 1.2 minutes from Figure 6.54. 
 
Additional LCMS experiments were conducted using a more polar solvent combination 
(acetone/acetonitrile 1/4 vol/vol). Results in Chapter 4 pointed to the advantages of using 
acetonitrile for the identification of Arn acids. The ion chromatogram for one of these 
experiments is presented in Figure 6.56.  
 
 
Figure 6.56. Ion chromatogram for indigenous acids with acetone/acetonitrile 1/4 vol/vol 
as eluents. Different colours represent distinct LC sample runs. 
 
The results in Figure 6.56 show that the addition of a more polar solvent (acetonitrile) 
during the LC experiments results in different trends. Most of the indigenous acid species 
are observed with retention times around 17.5 minutes. The intensities of these peaks are an 
order of magnitude higher than those in Figure 6.54, since acetonitrile has a very good 
affinity towards Arn (Figures 4.15 and 4.16). It was possible to concentrate the sample 
eluting at 17.5 minutes using an automatic collector. This sample was analysed by NMR 
and MS/MS in order to gain a better understanding of the precise molecular structure of the 
Arn. 1H NMR, 13C NMR and DEPT were conducted on the LCMS fraction. However no 
additional information was obtained to that already discussed from Figures 6.44 and 6.45 
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(NMR experiments conducted on the indigenous acids without LC separation).  Hence they 
are not discussed here. 
 
Figure 6.57. MS/MS spectra of m/z 1230 ion from the component with retention time 17.5 
minutes from Figure 6.56 (blue diamond). Peaks represent daughter ions.  
 
Figure 6.57 presents the fragmentation spectrum of the parent ion m/z 1230 from the 
component with retention time 17.5 minutes. At least 4 major daughter ions (m/z 1212, 
1150, 1106 and 1088) were obtained from this fragmentation procedure, each of which was 
further fragmented, thus leading to a sequence of MS4 experimental data. The assignment 
of these daughter ions is presented in Table 6.9. 
Data suggests the loss of three carbon dioxide groups, two water groups, and one carbon 
monoxide group for the sequence of fragmentation experiments. These losses may be 
assigned to fragmentation of four carboxylic acid functionalities, and an example is 
illustrated in Figure 6.58. In summary, tandem MS data suggested the presence of four 
carboxylic acid groups in the indigenous acids at m/z 1230. Moreover the results suggest 
that the acid groups are affected differently by the collision dissociation energy. This could 
be a result of the different alkyl groups attached to each carboxylic group, as suggested in 
Figure 6.43. 
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Table 6.9.  MS/MS parent and daughter ions and mass assignments. 
 
 
Figure 6.58. Possible assignment of precursor ion m/z 1230. Note CID is collision-induced 
dissociation which generates the ion fragments. Daughter ions represent m/z 1212, 1150, 
1106 and 1088 from Table 6.9. Note the four carboxyl groups represent those in an Arn 
structure with alkyl side chains and rings given by R. 
m/z of  
product ion 
m/z of 
daughter ion 
Cumulative  
mass loss Assignment 
1230 1212 18 Loss of H2O 
 1168 44 Loss of CO2 
 1150 18 Loss of H2O 
 1132 26 Loss of CO 
 1106 44 Loss of CO2 
 1088 44 Loss of CO2 
1212 1168 44 Loss of CO2 
 
1150 18 Loss of H2O 
 1132 18 Loss of H2O 
 1106 26 Loss of CO 
 
1088 18 Loss of H2O 
1150 1132 18 Loss of H2O 
 1106 26 Loss of CO 
 1088 18 Loss of H2O 
1106 1090 16 Loss of O 
 1064 26 Loss of CO 
1088 1072 16 Loss of O 
R
R
CO2
R
R
H2O
CO2
H2O
C
OH
O
R
C
OH
O
R
C
OH
O
R
C
OH
O
R
CID
R R
CO
CO2
 215 
6.4.2. Mechanistic studies and the role of Arn in soap formation. 
6.4.2.1. Mechanistic studies. 
The next paragraphs discuss the tests conducted on naphthenic acid extracts obtained from 
the soap from Field Y sample. These were obtained using the Procedure A described in 
Section 3.1.2. A sensitivity analysis was conducted and the effect of solvent volumes used 
for the extraction of naphthenic acids was carried out. The base case was 100 ml of toluene 
added to the field soap for extraction. After separation of the toluene phase from the soap, 
fresh batches of solvent (100 ml each) were added, thus conducting additional extractions 
of naphthenic acids from the sample which were also separated and analysed. Figure 6.59 
shows the ES spectra for each extraction for a fixed amount of field deposit (25 g). 
 
Figure 6.59. ES spectrum of naphthenic acid extract from Field Y soap sample washed 
obtained from three subsequent extractions using fresh toluene (100 ml each). 
 
The spectra in Figure 6.59 show that the first extraction with toluene contains significant 
amounts of Arn, in addition to other naphthenic acid species. Only very small amounts of 
Arn were observed in the second toluene extraction.  The third toluene extraction did not 
contain any Arn, but a range of lower molecular weight naphthenic acids. The results 
therefore suggest that two extractions of toluene (200 ml total volume) are sufficient for the 
recovery of most of the naphthenic acids contained in the field deposit samples. Therefore, 
the naphthenic acid extracts obtained from the first and second toluene extractions were 
combined and used with aqueous phases for mechanistic studies, following the static bottle 
procedures described in Section 6.2.2. The effects of pH, cation content and bicarbonate 
were investigated.  
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Figure 6.60 presents the final pH values (pHf) for different aqueous phases used in the static 
bottle tests conducted with the naphthenic acid extracts from Field Y soap sample. 
 
Figure 6.60. pHf  values as a function of pHi values for naphthenic acid extracts from Field 
Y soap sample. All pH adjustments with 10 wt% NaOH and 10 wt% HCl. Aqueous phases 
consisting of, 1) reference deionised water, 2) 25000 ppm sodium ions, 3) 20000 ppm 
barium ions, 4) 20000 ppm calcium ions, 5) 25000 ppm sodium ions, 20000 ppm calcium 
ions and 72 ppm bicarbonate ions, 6) 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
 
There are clear observable effects of cation species on the pHf values in the static bottle 
tests. The calcium-rich aqueous phase without bicarbonate (case 4) showed lower pHf 
values. The sodium and barium aqueous phases do not show significant pHf variations. 
Calcium ions have a direct influence on the partition and dissociation of naphthenic acids 
across the oil-water interface. The buffered systems (with bicarbonate) present different 
trends. For pHi values around 6, these aqueous phases showed pHf values higher than those 
found for the non-buffered systems. The bicarbonate ions help to maintain high pHf values 
during acid partitioning and dissociation. This results in additional amounts of acid 
available for soap formation (since pH is maintained above the naphthenic acid pKa). For 
very high pHi, the presence of calcium ions in the systems results in additional dissociation, 
which cannot be balanced by the bicarbonate ions. Thus, the pHf are lower for the aqueous 
phases containing calcium, sodium and bicarbonate ions (case 5), but higher when sodium 
and bicarbonate ions are in the aqueous phase (case 6). The effect of buffers on the overall 
amounts of deposit formed can be observed in Figure 6.61. The presence of bicarbonate 
ions in the aqueous phase leads to deposit formation at lower pH values (i.e. 6). This pH is 
consistent with those values found in cases where field deposits occur (Turner and Smith, 
2005). The absence of bicarbonate ions only leads to deposit formation at higher pH (i.e. 
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12). Deposits are however formed from calcium, sodium and barium aqueous phases. It was 
observed that higher deposits masses were obtained with the following aqueous phase 
cation order: calcium > sodium > barium. This is in agreement with the results presented 
for the model naphthenic acid solutions discussed in Section 6.3. The results would 
therefore suggest that the naphthenic acid extracts are partitioning in the same fashion as 
the model naphthenic acids. When buffers are present, these are the limiting reagents for 
deposit formation. This can be further observed in Figure 6.62. Increasing amounts of 
calcium ions in the aqueous phase leads to increases in deposit mass, as well as decrease in 
pHf in the absence of bicarbonate ions. Deposit mass and pHf remain constant in the 
presence of bicarbonates. This observation agrees with data from Rousseau et al. (2001), 
who postulated that bicarbonate ions (not calcium ions) are the limiting reagents in soap 
forming systems in the field. This information will be used as part of a more detailed 
analysis of soap-forming systems, in Chapter 8. 
 
Figure 6.61. Mass of deposit (g) as a function of pHi values for naphthenic acid extracts 
from Field Y soap sample. All pH adjustments with 10 wt% NaOH and 10 wt% HCl. 
Aqueous phases consisting of, 1) 25000 ppm sodium ions, 2) 20000 ppm barium ions, 3) 
20000 ppm calcium ions, 4) 25000 ppm sodium ions, 20000 ppm calcium ions and 72 ppm 
bicarbonate ions, 5) 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
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Figure 6.62. Mass of deposit (g) and pHf as a function of calcium concentration in the 
aqueous phase. 1) mass of deposit formed from aqueous phase containing 20000 ppm 
calcium ions, 25000 ppm sodium ions and 72 ppm bicarbonate ions and 4) associated pHf, 
2) mass of deposit formed from aqueous phase containing 20000 ppm calcium ions only 
and 3) associated pHf. Oil phases consisting of naphthenic acid extracts from Field Y soap 
sample. 
 
 
Figure 6.63 presents an image of the deposit formed in the static bottle tests using an 
aqueous phase consisting 20000 ppm calcium ions, 25000 ppm sodium ions and 72 ppm 
bicarbonate ions. No pH adjustment was necessary for the formation of this deposit and it 
formed as a third phase at the oil-water interface at pH 6. Close examination revealed a 
sticky, rubbery cluster similar to that reported under field conditions for calcium 
naphthenate soap scale formation (Vindstad et al., 2003).   
 
 
 
Figure 6.63. Microscopic image of laboratory deposit formed from: Oil phase consisting of 
naphthenic acid extract from Field Y soap sample. Aqueous phase consisting of 20000 ppm 
calcium ions, 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
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Figure 6.64.  Cross-polarisation microscopic images. All oil phases consist of naphthenic 
acid extracts from Field Y soap sample. Aqueous phase cases: 1) blank cell, 2) deionised 
water, 3) 25000 ppm sodium ions and 20000 ppm calcium ions, 4) 25000 ppm sodium ions. 
All phases pH 10 adjusted with 10 wt% NaOH. 
 
During the static bottle test experiments with the naphthenic acid extracts, a number of 
additional interesting features were observed. Figure 6.64 presents cross-polarisation 
microscopy images of selected non-buffered bottle tests with naphthenic acid extracts from 
Field Y soap sample. The use of an aqueous phase in cases 3 and 4 in Figure 6.64 resulted 
in the formation of liquid crystals at the oil-water interface. These structures were only 
observed at the onset of soap formation (e.g. at pH values close/prior to those where soap 
formation occurred, e.g. 10), and were also only observed for non-buffered systems. Liquid 
crystals seem to occur in the presence of particular naphthenic acid groups. For instance 
Ese and Kilpatrick (2004) reported β-cholanic acid was responsible for this type of phase 
behaviour. The presence of liquid crystals is most likely to due the combination of different 
species in the naphthenic acid extract. It is speculated that the liquid crystal structures have 
a transient stability behaviour and thus are not be observed when buffers are used in the 
aqueous phase because soap formation would occur very quickly at constant high pH. Table 
6.10 presents the EDAX analysis of the laboratory deposits using the naphthenic acid 
extracts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: x = not present. 
Table 6.10. EDAX analysis of laboratory deposits formed from naphthenic acid extracts 
from Field Y soap scales and various aqueous phases listed in the table.  
 
1 2 3 4
NO 
POLARISATION
POLARISATION
USED
Sample 25000 ppm
Sodium 
ions
20000 
ppm
Barium 
ions
20000 
ppm
Calcium 
ions
20000 
ppm 
Calcium 
ions and
25000 
ppm 
Sodium 
ions 
20000 
ppm 
Calcium 
ions and
25000 ppm 
Sodium ions 
and 72 ppm 
Bicarbonate 
ions
25000 
ppm 
Sodium 
ions
72 ppm 
Bicarbonate 
ions
Element Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% Wt% At%
C 83.16 88.77 85.7 93.33 41.07 59.22 77.28 87.74 49.23 64.65 82.77 89.45
O 9.27 7.43 7.21 5.89 23.37 25.3 6.59 5.61 24.51 24.16 7.25 5.88
Na 6.81 3.53 x x x x 3.17 1.88 2.47 1.69 5.49 3.1
Cl 0.77 0.28 0.35 0.13 1.5 0.73 7.34 2.82 2.54 1.13 3.47 1.27
Ca x x x 33.83 33.83 14.62 5.53 1.95 21.25 8.36 x x
Ba x x 6.74 x x x x x x x x x
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It can be observed in Table 6.10 that the major cations in the deposits correspond to the 
predominant cations present in the parent aqueous phase. Chloride ions are due to trace 
salts used for brine make-up. When calcium ions are used in the aqueous phase the relative 
percent of calcium present in the deposit is very large compared to the other cations. This 
supports the relative affinity of the naphthenic acid extracts towards this cationic species as 
suggested in Figures 6.60 and 6.61.   
The presence and distribution of naphthenic acids in the deposits formed in the laboratory 
was examined by ES. The effect of aqueous phases containing single cationic species 
without buffers is presented in Figure 6.65, where clear differences can be observed in 
regards to the overall naphthenic acid distributions. When calcium-rich aqueous phases 
were used with the naphthenic acid extracts in the static bottle tests, the deposit formed 
contained Arn (m/z 1230) and a broad distribution of other species between m/z 300 and 
600. The presence of a barium-rich aqueous phase leads a reduction in relative percentage 
of Arn species present in the deposit formed. When sodium ions are used no naphthenic 
acid species are observed in the laboratory deposits with m/z values above 300.  
The effect of aqueous phases containing bicarbonate ions is shown in Figure 6.66, where it 
can be observed that the presence of calcium ions in the aqueous phases is necessary to 
obtain a deposit that contains Arn. When calcium ions are not present, but the aqueous 
phase contains bicarbonate ions, naphthenic acids with lower m/z values are found in the 
deposit. Thus the results point to the effects of naphthenic acids and aqueous phase 
composition in the final content of laboratory deposits. 
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a) 20000 ppm calcium ions. 
 
b) 20000 ppm barium ions. 
 
c) 25000 ppm sodium ions. 
 
Figure 6.65. ES spectra of laboratory deposits formed from pH 12 adjusted aqueous phases 
placed in contact with naphthenic acid extracts from Field Y soap sample. Specific aqueous 
phase compositions are indicated. 
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a) 20000 ppm calcium ions, 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
 
 
b) 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
 
Figure 6.66. ES spectra of laboratory deposits formed from bicarbonate containing aqueous 
phases with pH 6.5 placed in contact with naphthenic acid extracts from Field Y soap 
sample. Specific aqueous phase compositions are indicated. 
 
Figure 6.67 presents examples of the results of the static bottle tests conducted on a number 
of soap-forming crude oils, in terms of pHf data. With the exception of one crude oil sample 
(Field W), pHf values did not show major variations during the experiments, which is 
different to that obtained for the naphthenic acid extracts presented in Figure 6.60. This 
probably reflects the lack of naphthenic acid partitioning and dissociation across the oil-
water interface, under the conditions tested.  
With the exception of samples from Field W, no other crude oils were shown to lead to the 
formation of deposits in the laboratory in the static bottle tests. This is despite the presence 
of Arn in at least one of the soap-forming crude oils (Field Z), as will be discussed in 
Chapter 8. The formation of deposits with Field W crude oil occurred for a range of 
aqueous phases and pH values, and an example is shown Figure 6.68. 
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Figure 6.67. pHf values as a function of pHi static bottle tests with soap-forming crude oils 
and aqueous phase consisting of 25000 ppm sodium ions, 20000 ppm calcium ions and 72 
ppm bicarbonate ions.  
 
 
Figure 6.68. Static bottle tests with Field W crude oil sample. Aqueous phase consisting of 
20000 ppm calcium ions, 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
 
Figure 6.68 shows that deposits are formed when aqueous phases are used with high and 
low pH values. Naphthenic acid crude oils are most surface-active at pH values above the 
pKa (i.e. 5-6) since only the ionised form of the naphthenic acid has the ability to lower IFT 
values (Rudin and Wasan, 1992). Formation of deposit at pH values higher than 6 can be 
explained by the mechanisms discussed in Sections 6.2 and 6.3. The formation of deposits 
at pH values lower than 4 is difficult to explain without a full analysis of other chemical 
components in the crude oil itself. Straasner (1968) and Seifert (1969) have shown that 
basic crude oil species (nitrogen-containing) also have an effect on surface properties at 
lower pH values. It is likely that the formation of the deposits at low pH values in Figure 
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6.68 is not related to naphthenic acid groups. At low pH values, the naphthenic acids are 
not ionised and thus remain soluble at the oil-water interface where soap formation occurs 
(but in these conditions they have less of an effect on IFT as the ionised acids). The deposit 
from Figure 6.68 formed at pH 8 was analysed using laser diffraction particle size analysis. 
Figure 6.69 presents these results. 
Figure 6.69. Particle size analysis of laboratory deposit formed from oil phase consisting of 
Field W crude oil and aqueous phases consisting of 20000 ppm calcium ions, 25000 ppm 
sodium ions and 72 ppm bicarbonate ions, pH 8. 
 
Figure 6.69 shows a tri-modal particle size distribution and the majority of particles can be 
observed to be around 10 µm. A similar distribution was reported for laboratory soaps 
formed from model solutions (Figure 6.20). The difference is that the deposits analysed in 
Figure 6.69 are water-in-oil emulsions (W/O) as opposed to oil-in-water (O/W) emulsions 
which formed from the model systems. This conclusion was reached after the dissolution of 
the emulsion in a mineral oil. The W/O emulsions are shown in more detail in Figure 6.70. 
 
 
Figure 6.70. W/O emulsion images for laboratory deposit formed from oil phase consisting 
of Field W crude oil and aqueous phases consisting of 20000 ppm calcium ions, 25000 ppm 
sodium ions and 72 ppm bicarbonate ions, pH 8. 
 
O/W emulsions are known to be stabilised by electrostatic effects which may be modelled 
by the double layer theory. W/O emulsions are known to be stabilised by non-polar and 
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aggregate interactions which have been known to include the formation of liquid crystals 
(Becker, 1997). Liquid crystals were not however identified in the W/O emulsions formed 
from Field W crude oil, yet these emulsions remained stable for many weeks. It is possible 
that the increased stability of these systems is a result of bicarbonate presence, as proposed 
by Gallup et al. (2004). Similar deposits were also formed for Field W crude oil samples in 
the absence of bicarbonate species. Van der Waals type forces between surface-active 
components are very likely to be responsible for the stability of the emulsions, however this 
would need to be confirmed by additional experiments such as atomic force microscopy or 
dielectric measurements. The W/O emulsions formed in the above experiments in this 
thesis were filtered and the residue analysed by EDAX. The atomic and weight percentages 
are presented in Table 6.11. The predominant cation species in the deposit is sodium. The 
data is in-line with the result of the field deposit sample shown in Table 4.9.  Figures 6.71 
and 6.72 present the naphthenic acid speciation of the deposit as given by ES. 
 
 
Table 6.11. EDAX analysis of laboratory deposit formed from oil phase consisting of Field 
W crude oil and aqueous phases consisting of 20000 ppm calcium ions, 25000 ppm sodium 
ions and 72 ppm bicarbonate ions, pH 8.  
 
 
 
 
 
 
 
 
 
 
 
Element Field W
Wt% At%
C 91.55 92.87
O 3.55 3.33
Na 4.15 2.85
Cl 0.75 0.97
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Figure 6.71. ES analysis of laboratory deposit formed from oil phase consisting of Field W 
crude oil and aqueous phases consisting of 20000 ppm calcium ions, 25000 ppm sodium 
ions and 72 ppm bicarbonate ions, pH 8.  
 
 
Figure 6.72. Naphthenic acid speciation given by hydrogen deficiency (Z) and carbon 
number of laboratory deposit formed oil phase consisting of Field W crude oil and aqueous 
phases consisting of 20000 ppm calcium ions, 25000 ppm sodium ions and 72 ppm 
bicarbonate ions, pH 8. Legend refers to Z values.  
 
In Figure 6.71 it can be observed that there is a bi-modal distribution of naphthenic acids 
with two clear groups between m/z 150 to 300 and further to m/z 400 to 500. From the data 
in Figure 6.72, acyclic acids (Z = 0) represent 39 percent of the overall acid speciation, with 
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carbon numbers ranging from 7 to 33. These results are in qualitative agreement with the 
analysis presented for the deposit soap sample from Field W in Figures 4.21 and 4.27. 
In conclusion, the soap formed in laboratory conditions from Field W was shown to be a 
sodium carboxylate soap emulsion, similar in composition to the sample obtained in the 
field. 
 
6.4.2.2. The role of Arn in soap formation. 
A number of experiments have been presented in this chapter showing the formation of 
laboratory soaps. The results in Figures 6.65 and 6.66 suggested that soap deposits 
containing Arn were only formed when divalent cation species were present in the aqueous 
phase. Additional experiments were carried out to examine in more detail the role of the 
Arn in soap formation. In the first set of experiments, the surface properties of naphthenic 
acid extracts were examined using interfacial tension measurements with the focus on 
different cation and bicarbonate effects. In the second set of experiments, naphthenic acid 
extracts from Field Y (containing Arn as shown in Figure 4.17), were mixed with 
naphthenic acid extracts from Field W (with no Arn as shown in Figure 4.21) in different 
ratios, and used in static bottle tests where pHf, deposit mass and composition were studied.  
Figure 6.73 presents the IFT values for oil phases consisting of naphthenic acid extracts 
from Field Y and pH adjusted aqueous phases, with a variety of conditions.  
 
Figure 6.73. IFT as a function of pH. Oil phase consisting of naphthenic acid extracts from 
Field Y soap sample (containing Arn). Aqueous phases consisting of: 1) 20000 ppm barium 
ions, 2) 25000 ppm sodium ions, 3) 20000 ppm calcium ions and 4) 20000 ppm calcium 
ions, 25000 ppm sodium ions and 72 ppm bicarbonate ions. 
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The lowest IFT values were found for the aqueous phases with bicarbonate ions. These 
buffer ions result in pHf values high enough to allow for additional naphthenic acid 
partitioning and dissociation. The IFT values in this case remain constant, around 5 mN/m. 
At pH values above 6, laboratory soaps form with this particular aqueous and oil phase 
combination. The second lowest IFT trend is for the calcium-rich aqueous phase (but 
without bicarbonate ions). The order of magnitude for these values is in agreement with that 
reported by Brandal (2005). It is interesting to note that barium ions led to higher IFT 
values. This is also a direct consequence of hydration effects on the cation itself at high pH. 
In the presence of bicarbonate ions, the naphthenic acids from the deposit from Field Y 
(containing Arn) behave like surfactants.  
Figure 6.74 presents the IFT values for tests where the naphthenic acids extracts from Field 
Y soap sample were mixed with both stearic acid (SA) and 4-tert-butylbenzoic acids (TBA) 
both at 1 wt%. The results should be compared to those in Figure 6.34 where these model 
naphthenic acids were used. The IFT trends shown in Figure 6.74 suggest the addition of 
the model naphthenic acids does not lead to changes in the overall surface properties of the 
naphthenic acid extracts. This is despite the IFT values of the single model naphthenic 
solutions (under the same conditions) being five orders of magnitude higher. It would 
appear that the naphthenic acid extracts (containing Arn) have the predominant influence 
on the surface properties in mixed solutions. 
Nevertheless, it is debatable if these effects could be observed with real crude oils samples 
under conditions of soap deposition in the field. Arn acids are found in very small 
concentrations in soap-forming crude oils, as opposed to the higher concentrations present 
in the naphthenic acid extracts used in this thesis. In Chapter 8 this hypothesis will be 
explored further to investigate the use of IFT properties for the prediction of soap formation 
in crude oils. 
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Figure 6.74. IFT as a function of pH. Aqueous phases consisting of 20000 ppm calcium 
ions, 25000 ppm sodium ions and 72 ppm bicarbonate ions. Oil phases consisting of: 1) 
naphthenic acid extracts from Field Y (~ 80 ppm), 2) naphthenic acid extracts from Field Y 
(~ 80 ppm) in combination with SA (1 wt%), 3) naphthenic acid extract acids from Field Y 
(~ 80 ppm) in combination with TBA (1 wt%). 
 
 
Figure 6.75 and 6.76 present the results of static bottle tests in which naphthenic acid 
extracts from Field Y (containing Arn) and Field W (with no Arn) were used. The trends in 
Figure 6.75 show that as the percentage of naphthenic extracts from Field W is increased, 
there is a decrease in deposit mass. Moreover, the overall calcium percentage in the deposit 
is also reduced.  
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Figure 6.75. Mass and calcium wt% in deposit as a function of naphthenic acid extract 
from Field W soap sample mixed to the naphthenic acid extract from Field Y soap sample 
(vol%). 
Figure 6.76 presents the speciation of naphthenic acid species of the ES spectra of the 
laboratory soap formed from Field Y extract and Field Y/Field W naphthenic acid extracts. 
The differences in Arn percent can be clearly observed. Note Arn is represented by species 
with 80 carbon atoms and 5 cyclic rings (hydrogen deficiency of -10).  
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Figure 6.76. Speciation of naphthenic acids from laboratory soap deposits formed from:  a) 
Field Y naphthenic acid extract, b) Field Y and W naphthenic acid extracts. Speciation 
given by hydrogen deficiency (Z) and carbon number. Legend represents Z values. 
 
Figure 6.77 presents a comparison of the different naphthenic acid species present in both 
the laboratory soaps formed from the naphthenic acid extracts from Field Y and 
FieldY/Field W in terms of hydrogen deficiency. 
 
Figure 6.77. Speciation of naphthenic acids from laboratory soap deposits formed from 
Field Y naphthenic acid extract and Field Y/Field W naphthenic acid extracts. Speciation 
given by hydrogen deficiency (Z). 
 
Based on the information in Figures 6.76 and 6.77, addition of extracts from Field W 
resulted in an increase in the percentage of acyclic acids in the deposits, and a decrease in 
the amounts of Arn in the laboratory soaps. Thus, the decrease in deposit mass and calcium 
content shown in Figure 6.75 may be interpreted as the effect of the presence of acyclic 
acids in the mixture, in detriment of the Arn species. As illustrated in Figure 6.36, Arn 
acids may bind with up to 4 calcium ions in a soap molecule. Thus the decrease in calcium 
content accounts for less overall Arn acids present. These effects were also observed in the 
analysis of Field Z deposits as discussed in Section 4.7. 
Figure 6.78 shows the final pH values of a series of experiments where the naphthenic acid 
extracts from Field Y and Field W were mixed and diluted with toluene and used in static 
bottle tests. Two reference tests are also presented where the individual naphthenic acids 
extracts from each field are diluted with toluene (tests 1 and 2). There is a decrease in pH 
values for all data sets, but the extracts from Field W showed the lowest pH trends and 
Field Y extracts lead to the higher pH trends.  These are a direct result of the partitioning 
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and dissociation of the naphthenic acid species present. Field W extracts contain mostly 
acyclic acids. Owing to well-documented stearic hindrance effects (Becker, 1997), acyclic 
species are more favourably positioned at the oil-water interface then cyclic structures. It is 
questionable if this advantage would also hold in the presence of Arn naphthenic acids. Arn 
acids in this thesis were shown on contain four carboxylic acid groups (Figure 6.57). 
However, diffusion to the oil-water interface may favour lower molecular weight 
naphthenic acids. This discussion could support the results in Figure 6.75, and the 
formation of soaps in the experiments with increasing amounts of acyclic acids, Figure 
6.77. 
 
Figure 6.78. pHf as a function of increasing naphthenic acid extract wt% in toluene. 
Aqueous phase consisting in 20000 ppm calcium ions, 25000 ppm sodium ions and 72 ppm 
bicarbonate ions. Oil phases consisting of: 1) naphthenic acid extracts from Field Y soap 
sample, 2) naphthenic acid extract from Field W soap sample, 3) combined naphthenic acid 
extracts from Field W and Field Y soap samples. 
 
The data presented in Figures 6.73 to 6.78 provided insights into the role of Arn in soap 
formation. It is clear that the surface properties of Arn are enhanced by the presence of 
calcium and bicarbonate ions in aqueous phases. However, the surface properties of Arn are 
not affected by the addition of other naphthenic acids. This is despite the fact that acyclic 
species such as stearic acid (SA) would have less steric hindrance at the oil-water interface, 
than the bulky Arn acid. Acyclic acids such as SA are themselves surface-active under the 
conditions tested. However, they also have the potential to affect the phase behaviour of a 
soap-forming system, in detriment of the effect of the Arn naphthenic acids. They would 
compete with the Arn for calcium ions, and would be favourably partitioned and 
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dissociated. Thus, a deposit may be formed in the laboratory which contains increasing 
amounts of acyclics and decreasing that of Arn acids. Clearly particular naphthenic acid 
combinations, not just Arn, may be responsible for the formation of soaps in the laboratory 
but also in field deposits as was examined in Section 4.7. Chapter 8 will attempt to obtain 
information on specific naphthenic acid ratios and correlate this with the tendency for soap 
formation. 
 
6.5. On establishing a protocol for soap formation under laboratory conditions.  
It would be very useful to have a technique which could be used to predict the formation of 
soaps for a particular set of oil and aqueous phases. This technique would be used to detect 
the onset of soap precipitation. In the static bottle test experiments conducted in this thesis, 
it was shown that even in the cases where soaps were not formed reduction in pH was 
observed (e.g. Figure 6.6). A technique for soap prediction could be based on the pH 
transitions which occur, from unionised acids at low pH to ionised acids at higher pH. This 
could be carried out by observing the particular fingerprint for both free ionised acids as 
well as those acids which are bound as complexes with calcium ions, prior to the 
precipitation of a soap. Two spectroscopy methods were evaluated for this purpose: 
Fourier-Transform infrared (FTIR) and Raman. Various solutions were prepared containing 
indigenous acids with and without model naphthenic acids in toluene. These were then 
placed in contact with aqueous phases with increasing pH values between 2 and 10, and left 
for 24 hours. Toluene phase aliquots were then collected and examined for the presence of 
free or bound naphthenic acid fingerprints.  
Figure 6.79 presents the FTIR calibration curve (red line) constructed using the percentage 
of monomer and dimer peak areas of the commercial naphthenic acid solutions in toluene 
used in this thesis prior to the examination of the test aliquots. The best correlation was 
found when both peaks were combined.  
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Figure 6.79. FITR naphthenic acid calibration curve. Peak areas versus naphthenic acid 
concentration (ppm). 1) combined dimer and monomer areas, 2) monomer areas, 3) dimer 
areas.  
 
The construction of a calibration curve with Raman spectra for model naphthenic acids was 
not possible. The reason for this was the weak dimer peak response in addition to the lack 
of an identifiable monomer fingerprint. During the examination of the toluene test aliquots 
which had been in contact with the various different aqueous phases, it was not possible to 
observe bound acids peaks in the FTIR spectra. It was however possible to observe 
differences in the spectra within the region where peaks owing to free acids were expected. 
A possible explanation for this is that the toluene aliquots were taken from the bulk of the 
oil phase. Bound acids may be positioned closer to the oil-water interface. The FTIR 
intensities as a function of wavelength for these samples are shown in Figure 6.80. The 
measured carbonyl areas were used to calculate the naphthenic acid concentrations in the 
different oil phases. This assumes that the IR absorption coefficient for both carbonyls in 
the aliquots is identical to those of the naphthenic acid standard. The Raman 
instrumentation was more sensitive towards the different naphthenic acids and naphthenate 
ions compared to FTIR. However, there were no clear differences for the Raman spectra for 
the oil phases as a function of pH since a calibration curve was not obtained. Thus Raman 
was discontinued for the purpose of onset of soap precipitation. Figure 6.81 presents the 
acid concentrations in toluene as a function of aqueous phase pH calculated from the FTIR 
spectra. The results show that for both the indigenous acids, as well as the model 
naphthenic acids there are decreases in the amount of measured free acid present in the oil 
phases. This is an indirect effect of the formation of cation bound acid complexes at the oil-
 235 
water interface. There is a reduction in more than 50 % of the free naphthenic acid bands at 
the onset of precipitation, i.e. at a pH value just below the formation of a soap. This 
technique therefore would have the potential to be use for the prediction of soap formation 
in the laboratory. 
Figure 6.80. FTIR difference spectra of naphthenic acids from the aliquots used in the 
static bottle tests experiments. 
 
 
 
 
Figure 6.81. Naphthenic acid concentration in toluene phase as a function of pHi for 1) 
naphthenic acid extracts from Field Y soap sample 2) stearic acid. 
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6.6. Conclusions. 
Prior to the development of the tests detailed in this chapter, soap formation in the 
laboratory had been attempted by few researchers (e.g. Dyer et al., 2003). Nevertheless, the 
results presented in this chapter, discuss many sensitivities and effects which had been 
overlooked in previous publications. 
It was not possible to form soaps (even from model systems) using tube-blocking and the 
CO2 static rig. Thus it was opted to employ bottle tests where the soap formation 
mechanism was simulated by a pH trigger resulting from an alkali agent. A main challenge 
during the optimisation of the bottle tests was to ensure that the addition of alkali agent was 
not affecting the final composition of soaps formed in the laboratory.   
The optimised static bottle test procedure for soap formation in the laboratory consisted of 
adjusting pH with either 10 wt% NaOH or 10 wt% HCl, shaking both phases manually for 
one minute, and leaving oil and aqueous phases in contact for 24 hours prior to taking any 
measurements. It was shown that the mechanistic formation of soaps could be studied by 
pH changes even if no deposit was observed. Partitioning and dissociation of naphthenic 
acids was observed to be a function of divalent and monovalent cations. Nevertheless, one 
of the main challenges was to ensure that the laboratory soaps formed in these tests could 
represent the deposits which precipitate in the field, such as those analysed in Chapter 4.  
Phase behaviour of naphthenic acid systems in static bottle tests indicated very distinct end-
member type features: acyclic acids/sodium pairs as opposed to cyclic acids/calcium pairs. 
Sodium-rich deposits from model acids were observed to be O/W emulsions. Calcium-rich 
deposits from model acids were observed to be solids. This supported the results of the field 
deposits presented in Chapter 4. 
Particle size and surface properties were shown to be a clear function of the cation type and 
concentration. EDAX allowed for the identification of the deposits as either calcium, 
sodium or mixed soaps. The presence of bicarbonate ions in the aqueous phases resulted in 
deposits which were most likely complexes but only in the presence of sodium. This 
information supports the hypothesis put forward by Gallup et al., 2002 for field deposits. 
Thus it would appear that buffer ions enabled formation of soaps at low pH and participate 
in the soap formation mechanism (but only for fatty acid-containing systems). 
In order to test competing effects of Arn vs. non-Arn acids, indigenous acids from a field 
deposit were also used in bottle tests. This also allowed additional contributions to the 
physical chemistry of Arn acids to be investigated. MS/MS attempts to fragment the Arn 
species were not successful. Yet results confirmed the degradation of the carboxylic acid 
group, as a result of favoured ionisation and polarity. 1D and 2D NMR enabled only basic 
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carboxylic and hydrocarbon skeletal structure for the indigenous acids to be identified, but 
LCMS allowed for the clear determination of the presence of 4 carboxyl groups, using 
sequential MS/MS. The MS/MS results represent an independent confirmation of the 
presence of the 4 carboxyl groups in this species. 
It was observed that Arn naphthenic acids were approximately 4 percent of the indigenous 
species from Field Y soap sample and could be detected at concentrations down to 80 ppm 
in model systems. Acyclic acids (Z = 0) accounted for a quarter of the indigenous species. 
These results point to possible interactions between these species during the precipitation of 
calcium naphthenate soap scales. When this information was extended to bottle tests, it was 
observed that Arn acids were the predominant surface-active species present in indigenous 
acids from soap deposits. Nevertheless, there was a range of bulk phase behaviour 
observed. It was possible to form calcium naphthenate soap scale deposits in the laboratory 
from naphthenic acid extracts. The deposits contained Arn as well as other naphthenic acid 
species. The acid distribution was suggested to be a direct result of the competition of 
calcium and sodium ions in the water phase and the exposure to naphthenic acid types. The 
distribution of naphthenic acids (Arn and non-Arn) in the laboratory soaps was equivalent 
to the distribution of naphthenic acids found in field deposits. Moreover the results in this 
chapter are clearly in-line with the results from the Field Z deposition case discussed in 
Chapter 4. The results are important since the agreed mechanism of soap deposition has 
relied (prior to the thesis) on a qualitative description of the physical chemistry of Arn only.  
Nevertheless, formation of calcium naphthenate soap scales in the laboratory was not 
possible using soap-forming crude oils. Thus it is likely that factors such as total Arn 
concentration in the crude oils is affecting the performance of these tests. Field W crude oil 
did however lead to the formation of W/O emulsions in laboratory experiments. These 
matched the composition of sodium carboxylates soap emulsions from the field given in 
Chapter 4. Bottle tests in this case would also have the potential to be used in inhibitor 
studies. 
Another major contribution of this chapter was the development of special test procedures 
used for the prediction of the onset of soap formation in the laboratory. FTIR was the 
technique which enabled the measurement of naphthenic acid depletion in the model oil 
phase and water phases containing naphthenic acids, as a function of pH. This was a direct 
result of the difference in FTIR signals between free naphthenic acids and cation-bound 
naphthenic acids. If tested on more realistic feeds (e.g. crude oils) the results would have 
potential impact on surveillance predictions, where the onset of soap precipitation would be 
accompanied through simple measurements. 
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CHAPTER 7 – PREDICTION OF NAPHTHENIC ACID BEHAVIOUR 
IN OIL-WATER SYSTEMS. 
 
Abstract 
In this chapter preliminary attempts to predict the behaviour of naphthenic acids in oil-water systems are 
presented. The equilibria model used was developed by Ken Sorbie and further details are available in Sorbie 
et al., 2004.  To support this initial modelling strategy, the formation of soaps in the laboratory using pH 
change experiments were studied using a range of sensitivities. Titration tests were used to simulate the phase 
behaviour of naphthenic acids across model oil-water interfacial systems. The results show that the equilibria 
model agree well with the experimental results. A sensitivity study showed that the dissociation constants 
(pKa) of the naphthenic acids were the most important model variables and could affect predicted output final 
pH values.  For indigenous naphthenic acids, which are mostly water-insoluble, alternative procedures for 
both pKa and Kow determination were also introduced which may help to explain the competing mechanisms 
of soap formation under field conditions. 
 
7.1. Introduction. 
The modelling of flow assurance deposits such as inorganic scales and asphaltenes allows 
reasonable predictions to be made in regards to possible operational problems which may 
be encountered during the life of a field. Modelling of asphaltene deposition is substantially 
advanced and can be carried out using predictions derived from polymer solution 
thermodynamics, colloidal stability and fractal aggregation theories (Mullins et al., 2007). 
This information is used to predict the onset of asphaltene precipitation when a particular 
fluid approaches its bubble point (Idem and Ibrahim, 2002). Modelling of inorganic scales 
takes into consideration different mineral saturation ratios given particular water chemistry, 
hydrocarbon PVT information as well as reservoir details (Mackay, 2005). 
Attempts to model the interactions of carboxylic acids and metal cations are not new. 
Langmuir and Schaefer (1937) presented a preliminary model to describe the adsorption of 
a stearic acid monolayer as a function of pH. Further modelling of fatty acids in aqueous 
brine systems was carried out by Stenius and Zilliacus (1971) to investigate soap 
aggregation. Somasundaran et al. (1984) modelled changes in interfacial tension to obtain a 
thermodynamic understanding of the formation of pre-micellar soap aggregates. Bloch and 
Yun (1990) modelled Langmuir monolayer structures to explain the forces between cations 
and carboxylic acids. Havre (2002) performed interesting modelling of naphthenic acids in 
solvent-brine systems. Basic thermodynamics could not explain differences in predicted 
and calculated values of bulk properties. The author explained that this was possibly due to 
micelle formation. Kuzmanovic et al. (2005) presented an interesting phase equilibria 
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model for the extraction of carboxylic acids from solvent systems using CO2 which 
matched experimental data in pressure regimes as low as 5 bar. Nevertheless, models to 
predict the formation of soaps either in the laboratory or under field conditions are currently 
not available in the open literature. The objective of the work in the current chapter is to 
present the results of prediction experiments which were devised to study naphthenic acid 
phase behaviour, in laboratory conditions. It is hoped that as the information on the phase 
behaviour of naphthenic acids progresses, models may be developed which include 
pressure and temperature values closer to those found in oilfield operations, and possibly 
incorporated in PVT simulation suites. 
 
7.2. Model description. 
The modelling employed to describe the naphthenic acid phase behaviour across oil-water 
systems was based on an approach used by Havre (2002). The model was devised by Ken 
Sorbie and further details are available in Sorbie et al., 2004. It attempts to describe the 
basic mechanism for soap formation presented in Chapter 2 (i.e. depressurisation and pH 
change) using simple thermodynamics. 
When a naphthenic acid in an oil or organic phase is placed in contact with an aqueous 
phase, it may partition into the latter. This is a function of molecular weight of the acid, its 
chemical structure and also the associated water chemistry. The phenomena may be 
described by the partition coefficient, Kow, which was presented in Equation 2.4. 
It is difficult to be precise about the exact effects of a particular acid species on the overall 
Kow in a multicomponent acid mixture. This is because of mutual solubility effects resulting 
from the different interactions between the acids themselves. Thus in the procedure used in 
this thesis, the concentrations of each single molecular species in both the aqueous phase 
and the oil phase at equilibrium were considered to have a constant ratio to each other. The 
implication of this assumption is that it entails no variation of the activity coefficient with 
temperature or pressure, i.e. ideal systems. Based on this assumption, aggregate forms of 
the naphthenic acid such as dimers or micelles are not considered. However, the presence 
of aggregation species can be minimised owing to the high acid concentrations used in the 
supporting experiments, which are above the critical micellar concentration (CMC), as 
reviewed in Section 6.1.1.4. Despite this, the total concentration of naphthenic acids in the 
oil phase (at both initial conditions and at equilibrium) should be understood as the sum of 
the concentrations all naphthenic acid species which also include the monomers, dimers and 
higher aggregate forms. 
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As shown in Chapter 2, when partitioned into a water phase (either in the bulk of this phase 
or at the oil-water interface), the naphthenic acids may dissociate and this may be described 
by the dissociation constant, Ka, presented in Equation 2.5. 
Cratin (1994) pointed out the pitfalls in measuring the Ka value of naphthenic acid systems 
and this was also summarised in Chapter 2. Attempts to measure pKa for model naphthenic 
acids and indigenous species will be presented further in this chapter. 
It is reasonable to assume that the equation describing the ionic product of water (Kw) will 
also need to be included in any system where pH changes occur in naphthenic acid systems. 
This term is 1x10-14 at 25 °C.   
Soaps may form at the interface between oil phases containing naphthenic acids and 
aqueous phases. These may be described by the solubility product, KSP (Equation 2.6). For 
the examples used in this chapter, calcium soaps (formed from calcium ions, Ca2+) will be 
used, however, the general approach may be equally applied to sodium soaps. It has been 
assumed that the naphthenic acid used in the experiments is mono-carboxylic; however the 
general methodology is also applicable for species with more than one carboxylic group. 
The overall system for predicting naphthenic acid phase behaviour in oil-water systems, 
may be illustrated by Figure 7.1 which depicts an oil and a water phase placed in contact at 
an arbitrary initial condition (i) and at a final equilibrium state (f). It is assumed therefore 
that no phase dispersion occurs, i.e. both phases are well-separated and a clear interface 
exists. Other assumptions are that naphthenic acids are initially present only in the oil phase 
volume (Vo) and the cations in the water phase volume (Vw). Final conditions will include 
cations present in the water phase only and in any solid mass of soap formed (msol). 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Illustration of oil-water-naphthenic acid system in two conditions: i) initial, f) 
final at equilibrium, with soap formation. 
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Conventional modelling says that in order for systems such as the one illustrated in Figure 
7.1 to be mathematically solved, mass balances in addition to charge balances must be 
developed to account for the different species. For mass balances, naphthenic acids and 
calcium species (or the main cations present) must be considered. 
The mass balances for the naphthenic acid species in initial conditions and final conditions 
are: 
oHAoiAi VM[HA]m =  
 
Equation 7.1. 
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M
2M(mVM][AVM[HA]VM[HA]m
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Equation 7.2. 
 
where mAi and mAf are the masses of naphthenate ions in the initial and final conditions, 
MHA is the molecular weight of the naphthenic acid, MA is the molecular weight of the 
naphthenate anion, and MCaA2 is the molecular weight of the naphthenate soap. The law of 
conservation of mass dictates that mAi is equal to mAf. Similar equations may be established 
for the calcium species, and, owing to conservation of mass, the initial and final masses of 
calcium ions must also be equal (mCai and mCaf). Equations 7.3 and 7.4 show the mass 
conservation equations for the calcium species. 
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Equation 7.3. 
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Equation 7.4. 
 
For the charge balance of the species present in the system in Figure 7.1, equations are 
required to describe the aqueous phase considering the active ions, which are the cation 
species for calcium naphthenate, as well as the products of the ionisation of water and 
naphthenic acid dissociation; these are represented by Equation 7.5 and 7.6.   
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Equation 7.6. 
 
where Ci and Cf represent the total charge of the system at initial and final conditions. 
Because of charge conservation, Ci and Cf  are also equal. 
During the modelling of systems such as those shown in Figure 7.1 it can be expected that 
certain variables describing the initial conditions will be known, such as: the initial 
concentration of naphthenic acid in the oil phase [HA]oi, the initial concentration of calcium 
in the aqueous phase [Ca+2]wi and pH. In controlled laboratory systems the phase volumes 
(Vo, Vw) as well as the molecular weight of the naphthenic acid and that of the expected 
soap (MHA and MCaA2) would be expected to be known. Thus, in the model systems studied 
in this thesis, there would be 7 unknown terms:  
- the final concentration of calcium ions [Ca2+]wf,  
- the final pH or [H+]f,  
- the final concentration of hydroxyl ions [OH-]f,  
- the final concentrations of naphthenic acids in the oil and water phases, [HA]of and 
[HA]wf,  
- the concentration of naphthenate anions [A-]f , and  
- the mass of soap formed msol. 
Seven equations namely, 2.4, 2.5, 2.6, 7.1, 7.2, 7.5 and 7.6 may be used to describe the 
system.  
To corroborate this modelling strategy, a number of supporting experiments were designed 
(Section 7.3). Examples of the application of the model and a comparison with 
experimental data are presented later (Section 7.4). 
 
7.3. Supporting experiments. 
It was decided that two titration-type methods would be tested with the objective of gaining 
information on the partitioning and dissociation of naphthenic acids across model oil-
aqueous systems. The ASTM potentiometric D664 method (Riazi, 2005) was used together 
with an alternative method developed specifically during this thesis. For the ASTM D664, a 
Metrohm solvotrode combined LL pH glass electrode was used. The titrations were made 
with 0.1 M potassium hydroxide (KOH) in 2-propanol. This procedure was applied to a 
 243 
range of naphthenic acid species in toluene solutions (refer to Figure 5.4 for specific acid 
structures). A toluene phase was also used as a reference during the titrations. During the 
titrations, the mass of potassium hydroxide used was measured (mg KOH/g oil phase 
sample). This was converted to moles equivalent of naphthenic acids, and then compared to 
the original naphthenic acid concentration used in the titrations. Figure 7.2 presents the 
original concentration of naphthenic acid in the toluene solutions plotted as a function of 
the acid concentration calculated using the ASTM D664 procedure. Data is the result of 
duplicate analyses. The concentrations of naphthenic acids measured in the titrations would 
be expected to be the same as the initial concentrations used in the oil phases. The straight 
line in Figure 7.2 indicates where the data points for acid concentrations would be expected 
to be located. The data points not only fall outside this expected trend, but there is also no 
correlation between the original acid concentration and the concentration of naphthenic acid 
given by the ASTM D664 titrations. It was thought at first that the different trends could be 
due to equipment malfunction (i.e. pH glass electrode), yet this was found not to be the 
case. The reason for the data scatter was that even for the lowest concentrations of 
naphthenic acid used in the procedures, the total concentration would be above the limit of 
the ASTM D664 method which is roughly 8 mg KOH/g crude oil. The conclusion is that 
the ASTM D664 method could not be used for study of laboratory systems. Thus, 
alternative techniques were required to aid in model development and the study of the oil-
water interfaces containing naphthenic acids. 
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Figure 7.2. Concentration of naphthenic acid [HA] measured by ASTM D664 as a function 
of the original naphthenic acid [HA] concentration in toluene solution. Numbers refer to 
model naphthenic acids used: 1 stearic acid, 2 myristic acid, 3 4-tert-butylbenzoic acid, and 
4 4-tert-butylcyclohexane carboxylic acid. Refer to Figure 5.4 for exact structures. 
 
The ASTM procedure described above was therefore adapted to be used for higher acid 
concentrations. Titrations were thus carried out using KOH in a 1-propanol solution. 
Instead of titrating the naphthenic acid solutions in toluene directly, titrations were 
performed on water phases which were left in contact with toluene phases for a pre-
determined equilibration period. One of the advantages of this procedure is that by titrating 
the water phase a distinction between dissociated and non-dissociated acid could be made. 
In order to gain insights into the sensitivities of this method described, the screening of a 
number of alkali concentrations from 0.1 to 0.0001 M was performed. The optimum 
concentration of 0.001 M was selected to enable a sufficient number of data points, and 
added in 0.5 ml volume aliquots.   
The choice of aqueous phase used in the extraction of naphthenic acids from the toluene 
solutions was based on the pH observations described in Figures 6.7 to 6.9. Initially, 
distilled water was tested as the aqueous phase for naphthenic extraction, where low initial 
pH (between 5 and 6) was used to avoid soap formation. However, the results indicated that 
insufficient acid was being extracted. Results in Figure 6.7 to 6.9 also indicated that the 
presence of divalent cations in the aqueous phases results in more partitioning and 
dissociation of naphthenic acids across the oil-water interface. Thus an aqueous phase with 
dissolved cations was preferred over distilled water. This brine consisted of 25000 ppm 
sodium ions and 1000 ppm calcium ions, added as NaCl and CaCl26.H2O respectively 
(Merck), leading to an original pH of around 6. Oil phases used in the titrations consisted of 
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solutions similar to those described in Section 5.3.1. Naphthenic acid concentrations 
ranging from 0.1 to 2 wt% in toluene were used. The oil phases (100 ml) were placed in 
contact with the aqueous brine phase (30 ml) with the aim to extract the largest amount of 
naphthenic acids. The initial pH was measured prior to addition of the toluene. After 24 
hours the aqueous phase was separated into a clean beaker (by means of a separating 
funnel) and the pH was measured. This procedure was repeated by placing  a fresh volume 
of the aqueous phase in contact with the original oil phase, depleted of naphthenic acids 
after each extraction. Both extracted aqueous phases (original and fresh volume) were then 
mixed. A titration using 0.001 M KOH in 1-propanol was carried out on the resulting 
aqueous phase until the original pH of the aqueous phase was reached (i.e. pH ~ 6), after 
which a further 3 volume additions (i.e. total of 1.5 ml) were added.  
Sensitivity tests were also performed on the procedure described above. It was thought that 
a source of error could be the actual phase separation of the extracted aqueous phases after 
they had been in contact with the toluene. However, there were no significant differences 
between the measured volumes of the extracted aqueous phases during the different tests. 
The number of extractions for this procedure was optimised using the information 
presented in Figure 7.3, where it is observed that after the third extraction, the value of the 
final pH of the extracts is close to the original pH of the aqueous phase used. 
 
Figure 7.3. pH values for extracted brines used in titration procedures. Original aqueous 
phase pH prior to extraction indicated by the square (pH 6.3). Oil phase myristic acid 1 
wt%, aqueous phase 25000 ppm sodium ions and 1000 ppm calcium ions. 
 
A further sensitivity test was carried out to determine if there was a variation in the amount 
of naphthenic acid extracted from the oil phase into the aqueous phase as a function of time. 
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This was motivated by the results in Section 6.1.1.3, which showed longer phase contact 
times are needed to establish equilibrium. For this purpose, the pH of the extracted aqueous 
phases from individual titration tests were measured after phase contact times between 24 
hours and up to 11 days. Figure 7.4 shows the results for an original aqueous phase pH of 6, 
prior to contact with the toluene phase with different acid concentrations. As expected, 
samples with lower naphthenic acid concentrations showed higher pH values over the same 
time interval. However, there is only a slight pH increase over time for each individual 
naphthenic acid concentration tested. These results indicate that a single pH measurement 
performed on a freshly extracted aqueous phase after 24 hours of phase contact was 
sufficient to validate titration data for these tests. 
 
 
Figure 7.4. Measured pH values for different phase contact time (days) between oil and 
aqueous phases in extraction experiments. Oil phase myristic acid (concentrations from 0.1 
to 2 wt%), aqueous phase 25000 ppm sodium ions and 1000 ppm calcium ions. Reference 
case (0) consisting of toluene with no added myristic acid. 
 
The data obtained from the titration results, i.e. pH changes with known volume additions 
of KOH, was fitted with a third degree polynomial curve using Maple software (Heck, 
2003). The point of inflection of this curve was used to calculate the mass of KOH 
consumed in the titration with the naphthenic acids. A minimum of three titrations was used 
for each test. Figure 7.5 shows an example of the measured pH used in the titrations of 
aqueous phases which were employed to extract acids from a 1 wt% myristic acid solution 
in toluene. Data for first and second extractions and the mixed aqueous phases (obtained by 
combining the two aqueous extracts) are used. The initial pH of the aqueous phase used 
was 6. It can be observed in Figure 7.5 that there is a decrease in pH with increase in acid 
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concentration. In addition, the first extraction pH values are the lowest in the experiments. 
Results from the reference test using a toluene sample with no acid, showed an increase in 
pH from 6 to 6.3, after the first extraction, and a decrease to 6.1 after the second extraction. 
The addition of the two extracts resulted in a final pH value of 6.3. This confirms the 
decrease in pH observed in the titration tests is the result of the presence of naphthenic 
acids partitioning from the oil phase into the brine and not due to the toluene solvent. The 
increase in pH with the presence of toluene might have occurred due to solvent 
contaminants.  
 
Figure 7.5. Final pH values measured for aqueous phase extracts as a function of 
naphthenic acid (HA) concentration used. Aqueous phase 25000 ppm sodium ions and 1000 
ppm calcium ions.  1 refers to the first extract, 2 refers to the second extract and 3 refers to 
the mixed first and second extracts.   
 
Figure 7.6 shows an example of naphthenic acid concentration determination (calibration 
curve) using the titration procedure described in this section. A linear correlation between 
the titration volumes and the predicted naphthenic acid concentration was observed. The 
modified titration example method described here was used in support of the analysis of  
the modelling strategy described in Sorbie et al., 2004. 
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Figure 7.6. Example of calibration curve for naphthenic acid. Calculated HA 
concentrations based on titrant volumes of KOH in propanoic solution. Line represents bet 
fit for the experimental data points. 
 
7.4. Preliminary model sensitivity analysis. 
Because very little data can be found in the literature for naphthenic acids, it was of 
particular interest to examine whether any one physical term could affect the modelling of 
soap formation, based on the description in Section 7.2. In summary, the system comprises 
a simple oil phase consisting of toluene and acids, placed in contact with a pH adjusted 
aqueous phase. A sensitivity analysis was conducted on this basic model considering an oil 
phase with 1 wt% myristic acid and an aqueous phase consisting of 25000 ppm sodium ions 
and 1000 ppm calcium ions, initially adjusted to pH 6. The parameters investigated in this 
study were the partition coefficient of the naphthenic acid, Kow, the dissociation constant, 
Ka, and the solubility parameter of the naphthenate soap KCaA2. Figure 7.7 presents the 
selected results. Varying the values of the Kow and KCaA2 parameters within the range 10-4 
to 10-6 did not affect the predicted final concentration of naphthenic acid in either the oil 
phase, [HA]of, or the water phase, [HA]wf.  However as Figure 7.7 also shows, increase in 
Ka for a given naphthenic acid, decreases the concentration of the acid in both the oil and 
water phases, [HA]of or [HA]wf respectively. More acid appears to be present in the oil 
phase than in the water phase as would be expected since most naphthenic acids are 
sparingly soluble in water.   
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Figure 7.7. Effect of Ka on the concentration of the acid in the oil phase, [HA]of, and the 
water phase, [HA]wf.  
 
By solving the seven equilibrium equations 2.4, 2.5, 2.6, 7.1, 7.2, 7.5 and 7.6 with values 
for parameters Kow, Ka and KCaA2 (as in Table 7.1) the final pH (pHf) and final hydrogen ion 
concentration, [H+]f, can be obtained. Results showed that variations in Kow and KCaA2 did 
not affect the calculated pHf and [H+]f values. However, lowering Ka values resulted in a 
gradual decrease in [H+]f, which also resulted in pH values between 8 and 10 as displayed 
in Figure 7.8. The concentration of the dissociated acid species in the water phase, [A-]f, did 
not change when the three parameters Kow, Ka and KCaA2 were varied. These results are 
summarized in Table 7.1. It appears that Ka is the only influential parameter for the 
prediction of soap precipitation and phase behaviour predictions using this model. This in 
turn stimulated further experimental tests to determine values for Ka for the different 
naphthenic acid species. These results are discussed in Section 7.5. 
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Figure 7.8. Effect of Ka on the pHf, and [H+]f.  
 
 
Table 7.1. Results from sensitivity test using Kow, Ka and KCaA2 at the specified values. 
 
7.5. pKa and Kow determination. 
In order to predict naphthenic acid oil-water equilibria, a number of variables are required 
as detailed in Section 7.3. The dissociation constant, pKa, is amongst the most important 
terms which may influence the modelling of the systems as presented in Section 7.4. The 
pKa for a particular naphthenic acid must be determined when the sample is dissolved in 
pure water, which is difficult because many naphthenic acids are only sparingly soluble in 
Variable 
Parameters
Calculated 
Parameters
Kow [HA]of [H+]f [A-]f [Ca2+]f msol
1.00E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
2.00E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
4.00E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
8.00E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
Ka
1.00E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
3.16E-05 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
1.00E-05 3.54E-05 6.95E-10 3.22E-02 0.97 21.69
3.16E-06 8.20E-05 1.61E-10 3.22E-02 0.97 21.68
KCaA2
3.16E-03 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
3.16E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
1.00E-04 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
1.00E-05 2.71E-05 1.68E-09 3.22E-02 0.97 21.70
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water. Thus additional solvents must be used and their effects on the pKa determination 
must be known.  
There are a few methods for pKa determination available in the open literature: the half-
neutralisation method, the potentiometric method, Yesuda-Shedlovsky plots and the 
spectrometric-UV method, amongst others (Ege, 1994). The methods use distinct sample 
requirements and are applicable to various levels of naphthenic acid concentrations. In the 
half-neutralisation method, pH measurements are taken during the titration of an aqueous 
solution containing naphthenic acids. The pH at the midpoint of the titration (or the 0.5 
wt% base equivalent) is equal to the pKa. In other words, the pKa corresponds to the pH at 
which the concentrations of ionised and unionised forms of naphthenic acids are equal. At a 
given temperature, the pKa is therefore a thermodynamic ionisation constant (Earll, 2006). 
The half-neutralisation description is illustrated in Figure 7.9. 
 
 
Figure 7.9.  Half-neutralisation method of pKa determination (Elvidge and Sammes, 1966).  
 
The pKa of water-insoluble compounds cannot be measured by the common half- 
neutralisation method. In addition, an inherent disadvantage of this technique is that low 
pKa values (below 3), as well as overlapping pKa cannot be determined. To improve this, 
proprietary pKa methods use a back titration to determine the apparent pKa in the presence 
of an alternative solvent (usually octanol). The technique can be performed on samples at 
concentrations of 0.0001 M or above (Sirius Analytical Instruments, 1993). 
The pKa of poorly water-soluble compounds may also be measured in mixed solvent 
solutions, such as water and methanol.  Bjerrum difference plots are graphical methods 
originally used for the calculation of the stability constants of metal-ligand complexes 
(Sirius Analytical Instruments, 1993). The method consists of the plot of dissociable 
protons bound to the naphthenic acid versus pH. Equation 7.7 defines the Bjerrum plot, 
where nH (number of dissociable protons) is a function of both pKa and pH, independent of 
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any concentration other than protons. Equation 7.8 presents the Bjerrum plot expressed in 
experimental form. 
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Equation 7.7. Theoretical Bjerrum equation. 
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Equation 7.8. Experimental Bjerrum equation. 
 
where A is the amount of excess of strong acid, Cb is the concentration of the base titrant, 
υ is the added base titrant volume, V0 the initial volume and L is the concentration of the 
solute. The pKa is determined by a comparison of the theoretical and experimental 
equations and nH is obtained from the appropriate technique. In order to be able to use 
mixed solvents for pKa determination, the Yasuda-Shedlovsky plots are employed, from 
which the apparent pKas of naphthenic acids are calculated for various water/solvent 
mixtures. The pKa is determined by extrapolating experimental values back to zero solvent 
volume. Thus the method consists of plots of apparent pKa and log [H2O] against 100/ε, 
where ε is the dielectric constant of the solution containing the compound of unknown pKa. 
The method is valid for solutions with dielectric constants greater than 50 and can be 
performed on samples at concentrations of 0.0005 M or above. 
The D-PAS probe (Sirius Analytical Instruments, 1994) enables spectrophotometric 
determinations of pKa with lower sample concentrations, increased sensitivity and lower 
interference of electrodes when compared to other methods. The values obtained from this 
determination are measured ignoring activity effects and are therefore dependent on 
concentration. These are referred to as pKac (Earll, 2006). These terms may be related to the 
thermodynamic ionisation constants (pKa) by:   
)
f
.(KK
HA
HA
aca
λλ
=  
Equation 7.9. 
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where f represent the fugacity and λ are activity coefficients. 
Sorbie et al., 2004, reported pKa values for single model commercial naphthenic acids in 
water/methanol mixtures. The authors used Bjerrum and Yasuda-Shedlovsky plots. The pKa 
values for these acids were found to be between 3.62 and 5.97. This is consistent with 
values reported in the literature (Morrison and Boyd, 1979). Nevertheless, the authors also 
reported that the selected method was not suitable for the determination of the pKa of 
certain model naphthenic acids (e.g. oleic acid). Therefore, for the tests conducted in this 
thesis with indigenous naphthenic acids from field deposits, alternative procedures were 
devised. With this in mind, further tests were developed with the indigenous acid from 
Field Y soap scale sample, obtained as described in Procedure B (Section 3.1.2). Two 
techniques were tested to measure the pKa of these indigenous acids: a pH-metric titration 
(potentiometric) and a UV method. For the potentiometric method a Sirius GlpKa titrator 
was used. It employs a proprietary Ag/AgCl double junction electrode for accurate pH 
measurement. For the UV method the same instrument was used with an added D-PAS 
probe. All reagents were flushed with argon gas prior to measurement and all titrations 
were performed at 25 °C with a 0.15 M KCl solution. The base titrant was 0.5 M KOH and 
the acid titrant was 0.5 M HCl. 
A range of different titration-friendly co-solvents was used in attempts to dissolve the 
indigenous acid from the Field Y soap sample at sufficient concentrations (i.e. around 1 
mM for the pH-metric assays and 50 µM for the D-PAS assays). The sample was initially 
titrated using the pH-metric technique with water in a triple titration, from high pH to low 
pH, over a range of pH 12.1 to 1.9 with a sample concentration of 1 mM. The acid was 
successfully dissolved at pH 12.1, but precipitation was observed in all assays at pH below 
8. Confirmation of the indigenous acid insolubility in water was obtained by measuring the 
UV/Visible spectrum of the solution. An example of one of these titrations is shown in 
Figure 7.10, which is a 3D plot of pH vs. absorbance vs. wavelength. There is a general 
scattering of the absorbance over most of the pH range, and a sharp increase when the pH is 
below 8. The increase in absorbance at this value suggests that some precipitation is 
occurring. This is most likely owing to the formation of insoluble soaps. 
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Figure 7.10. 3D plot of indigenous acid water titration procedure. Absorbance vs. 
wavelength vs. pH. 
 
The precipitation and turbidity indicate certain components of the indigenous acid species 
are not fully soluble in the water. If this is ignored, two preliminary pKa values (7.68 and 
3.46) can be resolved from the data. The lower value is more in-line with naphthenic acid 
pKa values reported in the literature (Morrison and Boyd, 1979).  The titration plot is shown 
in Figure 7.11. 
 
Figure 7.11.  Titration plot for indigenous acids from Field Y soap scale in water (y-axis 
represents bound hydrogen atoms per naphthenic acid molecule). Points represent three 
separate titrations. Line represents fitted data. 
 
In the second step of the titration procedures, the indigenous acids were titrated using a 
single solvent mixture until full dissolution (or no precipitation during titration) was 
obtained. This is a necessary step for accurate pKa determination. The indigenous acid 
 255 
samples were titrated using the pH-metric technique in various methanol/water solutions 
(49.1 to 26.2 vol% methanol) in a triple titration, from pH 12.2 to pH 1.7, with sample 
concentrations in the range 1.0 to 0.7 mM. The indigenous acids were successfully 
dissolved at pH 12.2 in all cases, but precipitate was again observed at pH below 8 during 
the titrations. Thus, the indigenous acid samples were titrated again by the pH-metric 
technique in dimethylsulphoxide (DMSO)/water and dioxane/water mixtures but these were 
not successful either. Finally, the sample was titrated using the pH-metric technique in 
various tetrahydrofuran (THF)/water mixtures (56.3 to 32.3 vol% THF) in a triple titration, 
over the pH range 11 to 0.6 with sample concentrations between 0.60 and 0.42 mM. In the 
assays with lower THF concentrations, precipitation was observed below pH 8. In the assay 
with 56.3 vol% THF, no precipitation was observed, and two pKas could be resolved at 
7.84 and 4.42. Figure 7.12 presents the titration plots for the results for the 56.3 vol% THF 
experiment. 
 
 
Figure 7.12. Titration plot for the indigenous naphthenic acids from Field Y soap sample in 
THF/water (56.3 vol% THF). The y-axis represents bound hydrogen atoms per naphthenic 
acid molecule. Line represents fitted data. 
 
 
It is typical for acidic pKa values to shift to higher pH values by 0.02 pH units for each 
percent of co-solvent added (Sirius Analytical Instruments, 1994). Applying this to the 
values obtained in the 56.3 vol% THF titration in Figure 7.12 would result in extrapolated 
aqueous pKa values of 6.71 and 3.29 for the indigenous acids. 
The indigenous acid samples were also titrated using the D-PAS spectroscopic technique 
under aqueous and co-solvent conditions in three triple titrations. Methanol (48.7 to 26.0 
vol%) and THF (56.5 to 33.6 vol%) were used as co-solvents. A total pH range of 1.8 to 
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12.1 was investigated, with sample concentrations varying between 50.6 and 31.3 µM. 
Turbidity was observed in all assays at pH values less than 8, and no useful pKa 
information could be resolved. Thus, only the pH-metric (potentiometric) method could be 
used to determine pKa values for the indigenous acids tested in this procedure. Average 
values from the aqueous titration data and those extrapolated from the mixed aqueous/THF 
data indicate two pKa values: 
 
A2- + H+ ⇔ HA- = 7.20 
HA- + H+ ⇔ H2A= 3.37 
 
Equation 7.10. pKa values for indigenous acids separated from Field Y soap sample. 
 
It would appear that the indigenous acids from Field Y soap scale sample present two 
distinct pKa values. This result is in sharp contrast to the work of Baugh et al. (2005a and 
2005b), who carried out potentiometric titrations on Arn acid separated from a soap sample. 
The potentiometric curve for Arn was similar to a fatty acid with 14 carbon atoms and also 
showed that the acid strengths of the four carboxylic groups were similar. Thus one pKa 
was found indicating an equivalence of the four carboxylic acid groups. The difference in 
pKa values found in the present work can be explained in a number of ways. Firstly, it 
should be noted that this work used different indigenous acids to that of Baugh et al. (2005a 
and 2005b). The indigenous acids from Field Y used in this thesis were shown to contain 4 
wt% Arn by mass spectrometry measurements (Table 4.4). In the work of the above-
mentioned authors, Arn was the predominant species in the field soap deposit. Since Arn is 
thought to be a group of compounds it could be possible that the predominant species in the 
sample used in this thesis was not the same as that analysed by the previously mentioned 
authors. The LCMS results in Figure 6.55 appear to support this since it indicated more 
than one group of Arn acids present in the deposit used. In addition, if the carboxylic 
groups are quite close to each other in the Arn structure, it is possible that the ionisation of 
one would affect the other, causing the pKa to shift to a different value. Lutnaes et al. 
(2006) suggested that carboxylic groups in an Arn species may be distant from each other, 
which would mean that pKa values would be approximately the same. However these 
authors used derivatized acids species in their tests. It is more likely that the results 
presented in this thesis represent different species of Arn than those studied by the previous 
authors. In addition the indigenous acid species contain Arn and other mono-carboxylic 
naphthenic acids which might explain the presence of two pKas. 
The determination of Kow was also carried out for the indigenous acids from Field Y. The 
techniques available for Kow measurement include: potentiometric, ion pair LogP, filter 
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probe LogP (titrations) and HPLC LogP.  Provided the LogP is high enough, it may be 
determined by titration by adding the sample to octanol followed by back partition into a 
prepared aqueous phase. If this fails then spectroscopic methods have to be employed since 
more dilute solutions have to be used. Note that these methods measure Kow indirectly 
defined as: 
LogP= Log10 (Kow) 
Equation 7.11. 
 
For the purpose of Kow determination, the same GlpKa titrator and conditions mentioned 
earlier in this section were used. The best data obtained was that from the LogP titrations 
where the sample was titrated in the presence of octanol in a double titration. The apparent 
pKa in octanol, poKa is then measured. The logP is determined by quantifying the shift 
between the poKa and the aqueous pKa (in a procedure similar to a Bjerrum plot). The 
datasets were grouped together to calculate the logP for the neutral and ionic species using 
the average approximate pKa values determined from the above procedure. The more 
lipophilic species lead to a bigger shift between the aqueous pKa and the apparent pKa in 
the presence of octanol. Figure 7.13 illustrates the Bjerrum plot for LogP determination 
 
 
Figure 7.13. Bjerrum plot for indigenous naphthenic acids from Field Y soap scale sample. 
Data points represent aqueous octanol titration results. The y-axis represents bound 
hydrogen atoms per naphthenic acid molecule. The aqueous titrations data is represented by 
the solid black line. 
 
In Figure 7.13, the ionisation of indigenous acids is illustrated. and the data points are from 
the aqueous octanol titration (0.25 ml of octanol in 10 ml of water).  At low pH, the 
indigenous acids are neutral and the results suggest 2 bound hydrogens per acid molecule. 
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As the pH increases, the pKa of the acid is reached and it becomes ionised, with one bound 
proton, and then with no bound protons after the higher pKa has been reached. Thus, the 
data points range from 0 bound protons to 2 bound protons, confirming that the indigenous 
naphthenic acids do indeed have two pKa values (refer to Equation 7.10). The pKa of 
ionised naphthenic acid species with a -1 charge (HA-) does not shift much in the presence 
of octanol (i.e. it does not shown enhanced partitioning), but the neutral H2A shows a very 
large shift from the aqueous pKa value, suggesting that it is highly lipophilic. 
The logP result for the neutral species was calculated to be 5.28 mg/l (if pKa values of 7.20 
and 3.37 are used as the basis for the calculation from Equation 7.11). This seems a 
reasonable value, because the aqueous solubility of the acid is very low, but the solubility in 
octanol is better. The solubility of the ionic species (HA-) is determined to be 1.48 mg/l. It 
should be noted that the logP values are dependent on the pKa values used in the 
calculations, therefore any error in the pKa values is carried directly through into the logP 
results. Thus, the following Kow values are calculated from this procedure. 
 
H2A (neutral species) LogP = 5.28   Kow = 5.25x10-6 
HA- (ionic species) LogP =1.48  Kow = 3.31x10-2 
 
Equation 7.12. Kow values for indigenous acids separated from Field Y soap scale sample. 
 
The significance of these results is twofold. Firstly, it suggests the indigenous acids in their 
dissociated (ionic) forms have a higher solubility in water than the undissociated acid. Thus 
the pKa values for these acids would necessarily need to be reached before any partition 
into the water phase could occur. Secondly, the Kow for the indigenous acids is quite close 
to that of acyclic acids such as myristic or stearic, which vary between 5.98 and 7.74, 
respectively (Morrison and Boyd, 1979). In Figure 6.38, it was shown that a quarter of the 
indigenous acid species were acyclic acids. This may explain the predominant Kow values 
found in this section. 
 
7.6. Model  vs. supporting experiments development. 
Sorbie et al., 2004, contains further details of the application of the equilibria models to 
systems with and without soap precipitation under laboratory conditions.  In summary, 
when no soap precipitation occurs, the five unknowns in this system are: [H+]f, [OH-]f, [A-
]of, [HA]of and [HA]wf and these quantities must be calculated given the various input 
constants (Kow, Ka and Kw) and known initial concentrations of the system ([HA]oi, [H+]i 
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and [OH-]i).  An example of pH trends generated with the equilibria model (when no 
precipitation of soaps occurred) is shown in Figure 7.14. 
 
Figure 7.14. Final pH values [pHf] plotted as a function of naphthenic acid concentration. 
Calculated (model) vs. experimental values. 
 
From Figure 7.14 it can be observed there was a reasonable match of predicted and 
calculated pHf, trends particularly at higher naphthenic acid concentrations. Yet at lower 
pHf values, the model predicts values which are larger than the experimental error 
associated with pH measurements (± 0.1). The reader is referred to Sorbie et al., 2004, for 
further details of model fine-tuning. For instance, an absorption isotherm was used to 
correct the pHf trends shown in Figure 7.1.4. Nevertheless this approach needs to be 
extended to cases where soap formation occurs. In this thesis, the model described in 
Section 7.2 was also applied for cases where the formation of soaps did occur under 
laboratory conditions. A few adjustments were made to the basic experimental set-up 
described in Section 7.3 to support this modelling case. The results in Chapter 6 showed 
that higher adjusted pH values were necessary to induce soap formation with model 
solutions (Figure 6.6). Thus in the supporting extraction experiments for soap formation, 
pHi was adjusted to 12. Any soap formed during the experiment was filtered prior to the 
separation of the aqueous and oil phases. These were weighed for comparison with 
calculated (model) results. A total of 20 bottle tests were carried out to account for the high 
volumes of oil phases, Vo (1 litre), used in the calculations. This was also necessary due to 
the low amounts of soap formed on a per bottle basis. The model equations for the case of 
soap precipitation are derived from the basic equations presented in Section 7.2. In this case 
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two equations may be obtained after algebraic manipulations, and these are the mass 
balance and charge balance equations:  
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where MCaA2 is the molecular weight of the calcium soap. Note, only the final conditions in 
Equations 7.13 and 7.14 will be different to the case with no soap formation. For the 
purpose of illustration, the application of these equations will consider a laboratory calcium 
myristate soap with molecular weight of 496 Daltons. Though soap formation is both a 
surface and bulk phenomena, as discussed in Chapter 6, no absorption term is included in 
the model of soap precipitation. Absorption at the oil-water interface would only be owing 
to naphthenic acids in the un-ionised form which would assemble in a monolayer type 
arrangement (Brandal, 2005). The two variables used to predict soap formation in the 
laboratory are: [H+]f and [A-]i. Similar to the case with no soap precipitation, the constants 
used were: Kow (partition coefficient), Kw (ionic product of water), Ka (acid dissociation) 
and KCaA2 (solubility product of the calcium soap).  
Figure 7.15 presents the results of a soap precipitation simulation and supporting 
experimental data. For this example the variation in calcium ions in the aqueous phase, 
[Ca+2]i, was studied and the final outputs analysed were pHf and mass of calcium soap 
(mCaA2). From Figure 7.15 it can be seen that the variation of calcium ions has a significant 
effect on the mass of soap produced, yet there is no variation in terms of pHf. These trends 
may be explained by considering the relative proportions of acid and cations available for 
soap formation. Concentrations of calcium ions below 3 mol/l mean that these are the 
limiting reagents in the soap formation reaction; hence the gradual increase in mass values. 
Final pH, on the other hand, reflects the state of ionisation of naphthenic acids in the bulk 
aqueous phase and/or the oil-water interface. At very high initial pH (above the pKa) all of 
the naphthenic acid would be ionised. Because of soap formation, the amount of free acid 
available would be restricted to amounts below the stochiometric naphthenic acid/cation 
ratios. The experimental pH is a very close match to the calculated data (model) shown in 
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Figure 7.15. Nevertheless, differences exist for the experimental and calculated (model) 
soap mass values. As discussed in Chapter 6, some soap particles are formed which have 
sizes below that of the filter paper used for soap separation, which could account for the 
mass differences. Note the varying soap mass trends are also different to what was 
presented in Table 7.1 and this is because of the larger value of Kow used in the 
calculations. 
 
Figure 7.15. Effects of the variation of the initial concentration of calcium ions in the 
aqueous phase, [Ca2+]wi, on the final pH and on the mass of CaA2 precipitate.  1 refers to 
experimental soap mass values, 2 refers to model soap mass values, 3 refers to experimental 
pHf values, 4 refers to model pHf values. 
 
7.7. Conclusions. 
In this chapter the combination of basic equilibrium thermodynamic modelling and 
supporting experiments has enabled a better understanding of oil-water interface systems in 
the presence of naphthenic acids. A preliminary model for the study of naphthenic acid 
behaviour was developed. The following terms were considered to be important for 
equilibria and balance equations: final pH, final concentrations of naphthenic acids in the 
oil and water phases, final concentration of cations, concentration of dissociated naphthenic 
acids and mass of soap formed. 
A series of titrations were performed to enable the study of naphthenic acid equilibria. The 
main experimental strategy was the use of an equilibrated aqueous phase left in contact 
with an oil phase containing naphthenic acids. Titrations were carried out on these aqueous 
phases. This method allowed for analysis of systems where acid concentrations were above 
the limit of existing ASTM procedures.  
10
15
20
25
30
35
40
0 0.5 1 1.5 2 2.5 3
[Ca2+]wi
4
4.5
5
5.5
6
6.5
7
1 2 3 4
M
a
ss
 
o
f d
ep
o
sit
 
(g)
pH
f
 262 
The pKa was shown to be the term with most impact on soap precipitation modelling. pKa 
and Kow determination for model naphthenic acids was shown to be possible using 
conventional techniques. Yet pKa values for non-soluble species such as indigenous acids 
had to be determined by alternative methods. This is one of the major contributions of this 
chapter. Indigenous acids resulted in two distinct pKa values which may suggest a 
combination of various different species present.   
The supporting titration phase behaviour experiments in this chapter were shown to be a 
useful tool in matching modelling results for both non-precipitation as well as precipitation 
conditions. Results indicate that the formation of soaps occurs at constant pH and with 
increasing mass up to stochiometric ratios. In principle the model and supporting 
experiments could be used to test inhibitor performance, through the measurement of pHf, 
and mass of soap formed. The application of the model to more realistic systems could be 
carried out using a naphthenic acid pseudo component (e.g. with defined molecular weight, 
pKa, etc) into a scale thermodynamic package (e.g. Multiscale). One of the main challenges 
would be the competing inorganic scale and naphthenate kinetics. Supporting experiments 
would therefore need to be conducted, preferably, with multiphase systems under the 
presence of CO2. Such an approach would also allow for the testing of equation of state 
(EOS) modelling, given the existing information on naphthenic acid and solubility group 
discussed in Chapter 4. 
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CHAPTER 8 – ON THE ANALYSIS OF SOAP-FORMING SYSTEMS. 
 
Abstract 
In this chapter the results of data acquisition and analysis from a number of soap-forming fields are presented, 
in particular both crude oil and water properties. The main objective was to obtain correlations which would 
enable the prediction of both calcium naphthenates soap scales and sodium carboxylate soap emulsions based 
on only static measurements of parent fluids. A comprehensive suite of crude oil analysis, together with the 
understanding of mass spectrometric response to naphthenic acids (e.g. ionisation source effects, solvents and 
speciation) developed in previous chapters was employed.  It was possible to observe some trends which 
relate geochemical parameters with bulk crude oil properties, as well as naphthenic acid speciation and water 
properties.  Based on this information, an attempt to establish prediction guidelines for soaps is presented. 
 
8.1. Introduction. 
At the time of writing of this thesis, there were no commercially available tools for 
prediction of soap formation from fluid systems. Oilplus (Oilplus, 2006) advertised a 
method which is claimed to be applicable to the screening of crude oils only. Details of the 
method are not available in the open literature. Nevertheless, as discussed in Chapter 2, 
water properties are also strongly implicated in soap formation, since the precipitation 
mechanism is pH driven. One of the objectives of this thesis is to construct a simple 
prediction method which may be used as a guideline for soap formation from crude oil 
samples. Turner and Smith (2005) present preliminary assessments for specific field cases, 
but they do not support this with direct analysis of either crude oil or water samples to 
corroborate their conclusions. It was decided to proceed with an examination of crude oil as 
well as produced water properties with supporting field information. To obtain the most 
representative information, samples used in this work were from soap-forming fields in 
distinct geographical regions. These fluids were either obtained using drill stem tests 
(DST), or wellhead and topsides samples collected during the precipitation of soaps. 
Samples were used as received and thus no assessment could be made in regards to 
sampling conditions, which might have affected the overall fluid composition. In addition, 
no information was available with regard to reservoir parameters such as mineralogy, gas-
to-oil ratios, compartmentalisation and stratigraphic levels. Thus, if the samples for analysis 
belonged to different reservoirs, the analysis in this thesis would not take this into 
consideration. No drilling mud samples were made available for analysis with the sample 
oils tested. Drilling mud components (in particular certain oil-based muds) may contain 
soaps and acyclic acids added as demulsifiers or defoamers which may interfere within 
crude oil characterisation techniques (Ogden, 1983). Nevertheless, it is estimated through 
direct communication with the sample providers, that drilling mud contamination in the 
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crude oil samples used in this thesis may be considered low. To aid in the interpretation of 
the results presented in this chapter, a crude oil and its associated water samples from a 
field in current production and known to be non-soap-forming (but from a geographical 
region known to be associated with soap formation) was also examined. This allowed for a 
verification of trends found for soap-forming samples.  
 
8.2. Crude oil measurements. 
The objectives of the analysis performed on the crude oil samples were twofold: to obtain 
basic crude oil properties and geochemical information, and to attempt to correlate this data 
with that of naphthenic acid speciation.  
 
8.2.1. API gravity. 
API gravity is related to relative density (specific gravity) at 60°F/15.56°C. This may be 
expressed as: 
 
131.5
60@sp
141.5API
gravity
gravity −= F
 
Equation 8.1. 
 
where spgravity is the specific gravity measured at 60°F/15.56°C. API gravity has been 
shown to be correlated with the thermal maturity as well as biodegradation of crude oils 
(Jaffe and Gallardo, 1993). Barth et al. (2004) tested a few crude oil samples from similar 
sources and noted that certain biodegraded oils usually have high API gravity and higher 
viscosity when compared to non-biodegradable oils. This was suggested to be owing to the 
relative increase in heavy components as lighter components are removed (microbial 
activity), or owing to a production of heavier components by microbial biomass. API 
gravity data must be used with reservation since it is a function of many different 
parameters and processes (e.g. reservoir depth, sulphur content) and exceptions to these 
qualitative correlations occur (Peters and Moldowan, 1993). 
API gravity can be measured using a variety of methods such as: ASTM D287, ASTM 
D1298, ASTM D5002, IP 160 and ISO 3675 (Riazi, 2005). Some of the most important 
parameters to influence the choice of technique are: sample volatility (determined by 
vapour pressures), temperature limitations and colour. If hydrometers are required for the 
measurement, meniscus corrections must be applied according to the density range 
expected (Lagendijk, 1998). In this thesis the ASTM D287 method, which uses a glass 
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hydrometer, was selected since it is one of the most accurate methods currently available 
for API gravity determination. 
 
8.2.2. Total acid number and naphthenic acid concentration. 
The total acid number (TAN) has been used for many years as an indication of acid 
properties of a crude oil. It is defined as the amount (in milligrams) of strong base (e.g. 
KOH) required to neutralise the acidity in one gram of hydrocarbon sample. The end point 
of this procedure is known as the total acid number (TAN) and is described mathematically 
as: 
 
weight sample oil crude
base*base*base
 TAN M.Wionconcentratvolume=
 
Equation 8.2.  
 
where the baseconcentration is the molar concentration of the base and baseM.W is the molecular 
weight of the base used. TAN measurements employ potentiometric or colourimetric 
procedures to indicate the endpoint of the titration. The two most commonly used ASTM 
procedures are D664 and D974, in addition to a micro-colourimetric method (IP 431). This 
last method is only used under special circumstances (e.g. small sample volumes). The 
ASTM methods are prone to experimental error, the most common of which is the incorrect 
identification of inflexion points, and often do not give the same results even with the same 
sample. Piehl (1988) showed that for samples of the same California crude oil, the 
potentiometric method gave acid numbers 30 to 80 % higher than the colourimetric method. 
This can be understood because the different TAN procedures are affected by the distinct 
acidic species in the oil, i.e. they are not selective to naphthenic acids alone. Dissolved 
hydrogen sulphide (H2S), dissolved carbon dioxide (CO2), hydrolysable salts (including 
calcium and magnesium chlorides), inorganic acids and many other contaminants, such as 
inhibitors or detergents, will affect the final measured TAN value (Meredith et al., 2000). 
However, the precise effect of particular components on TAN is also most likely to be time 
and concentration dependent. For instance sulphur compounds like thiols rapidly oxidise in 
air and may lead to erroneous TAN results for crude oils (Barth et al., 2004). If a particular 
crude oil has a predominance of naphthenic acid species, then TAN is a function of the 
number of carboxyl groups per naphthenic acid molecule, since it determines acid amount 
on a mole basis. Naphthenic acids obtained from crude oils in extractions (liquid-liquid, or 
solid phase as discussed in Chapter 2) are quantified on a weight basis and thus most 
 266 
probably affected by the molecular weight of the acids present in the crude oil. 
Nevertheless, certain correlations between TAN and naphthenic acid concentration have 
been reported for selected crude oils (Figure 2.1). These correlations are better observed in 
high TAN crude oils. At low TAN the experimental error associated with the method (± 
0.1) may be equal to or even larger than the TAN value itself (Meredith et al., 2000). In this 
thesis, the total acid number (TAN) measurement was carried out on crude oil samples as a 
preliminary indication of degree of acidity. The ASTM D664 (potentiometric) technique 
was used, which is the most commonly used method for TAN determination, and 20 g of 
each crude oil sample was used for each analysis. For the titration procedures, a metrohm 
solvotrode combined LL pH glass electrode was used. The titrations were made with 
potassium hydroxide in 2-propanol with concentration 0.1 mol/litre. 
A better quantification of naphthenic acids in crude oils can be carried out using more 
selective techniques, which target the carboxylic chemical family. These usually include a 
preliminary separation of naphthenic acids using either liquid-liquid or solid phase 
extraction techniques (detailed in Chapter 2), followed by Fourier-Transform infrared FTIR 
(detailed in Chapter 3) or gas chromatography (GC)/gas chromatography mass 
spectrometry (GCMS). In this thesis, naphthenic acid concentrations were measured using 
FTIR. Acid extraction from crude oils was carried out using liquid-liquid extractions as 
detailed in Brocart et al. (2005). Instrument details are similar to those described in Chapter 
5. 
 
8.2.3. Naphthenic acid speciation. 
For the purpose of soap prediction, the identification of crude oil acidity has developed over 
the last couple of years from simple TAN measurements (Rousseau et al., 2001), to acid 
speciation by mass spectrometry (Goldszal et al., 2002) and to the identification of 
particular bad-actor species (Brocart et al., 2005).  
In this thesis, the analysis of the naphthenic acids in the soap-forming crude oils was 
carried out using a number of techniques. Firstly, electrospray mass spectrometry (ES) in 
the negative mode was used directly on the crude oils according to the settings obtained 
from the sensitivity study detailed in Table 4.3. A limited number of crude oils were also 
treated with QAE-Sephadex ion-exchange resin for the extraction of the naphthenic acids. It 
was hoped that this procedure would allow the identification of acids in low concentrations, 
in particular those implicated in soap deposition (i.e. Arn). The extraction was carried out 
as described by Mediaas et al. (2003). The basic principle of this technique is that the acids 
are selectively extracted onto the resin and recovered by back-extraction. Mediaas et al. 
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(2003) did not, however, present any data on the selectivity or yields of the resin in regards 
to the different naphthenic acids. The use of this method for very heavy, high TAN or very 
viscous oils, as well as very low TAN crude oils has also not been reported. Thus, the tests 
carried out in this thesis were also useful in gaining further information on the behaviour of 
the ion-exchange resin. The resin capacity used was 2.5 mmol acid equivalents per gram. 
The acid extracts obtained from this procedure were also analysed by ES, using the settings 
in Table 4.3. 
The assignment of the mass-to-charge ratios (m/z) to naphthenic acid structures was carried 
out according to the procedures and equipment described in Section 3.2.1.2. All mass peaks 
in the negative mode were considered to arise due to naphthenic acids. In other words, the 
presence of other acidic species in the crude oil samples which are ionisable during mass 
spectrometry (e.g. phenols) was ignored. Arn acids were assigned the m/z range from 1220 
to 1250 following the guidelines in Mediaas et al. (2005).  
The third technique, which was applied to a limited number of soap-forming crude oil 
samples, was high-resolution Fourier-Transform ion cyclotron mass spectrometry 
(FTICRMS) in the negative mode. Sample preparation consisted of taking the crude oil (10 
µl) and diluting into a methanol/water mixture (1 ml of a 50/50 vol/vol solution). The 
solution was shaken and allowed to stand prior to analysis. The methanol/water layer was 
used for analysis so any oil that separated out was not used. Aqueous ammonia solution (10 
µl, 35 vol%) was added to the samples to aid deprotonation. The conditions for negative ion 
analysis were: cell trapping potentials PV1 -1.12 V and  PV2 -1.12 V, detection and 
excitation mass range: 86 to 5000 Daltons, ions retained in hexapole ion trap of source for 
0.6 seconds (D1), extraction pulse length (P2) 4000 µs. The sidekick mechanism was 
employed to detect ions off-axis as they enter the cell, thus preventing them "bouncing out 
again". The parameters for this were: EV1 7.94 V, EV2 0.72 V (where EV corresponds to 
the ICR cell delta extraction plates), DEV2 -1.12 V (ICR delta extraction plate 2). The 
duration of dipolar excitation pulse length (P3) 12 µs (this is a requirement to excite the 
ions to a detectable cyclotron orbit prior to detection), RF attenuation for excitation (PL3) 
4.62. Note that no assignment of m/z data from the FTICRMS instrument was carried out, 
since the purpose of this analysis was to observe the presence of Arn species only. 
Dyer et al. (2006) commented on the need for accurate crude oil sampling prior to the 
analysis of naphthenic acids for soap prediction. To avoid problems with non-representative 
aliquots, two sub-samples of each crude oil were analysed in this thesis in all mass 
spectrometry measurements. 
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8.2.4. Geochemical analysis. 
Petroleum geochemistry can be defined as the study of naturally occurring hydrocarbons 
and the source rocks from which they are generated. These measurements entail 
identification of maturity, origin, thermal evolution and degree of biodegradation. 
Traditionally, geochemistry has involved the study of particular hydrocarbon fractions in 
crude oils, but not naphthenic acids. The correlation of naphthenic acids in crude oils with 
basic geochemistry parameters has been attempted by a few researchers (Fan, 1991; 
Nascimento et al., 1999; Kim et al., 2005), but only recently was this attempted for the 
purpose of soap prediction (Gallup et al., 2007). Some of the most fundamental 
measurements for geochemical analysis include carbon isotopes and vitrinite reflectance 
(Peters and Moldowan, 1993). More advanced analysis includes biomarker identification. 
The speciation of saturated and aromatic hydrocarbon, and other biomarkers in crude oil, is 
an important aspect of geochemical analysis. Many of these compounds can be analysed 
directly from whole crude oils. However, because of the trace concentrations of some 
species, separation of particular fractions prior to any analytical identification is sometimes 
necessary. De-asphaltation of the crude oil samples is also usually carried out, followed by 
thin layer or short column chromatography (Meredith et al., 2000). Internal standards are 
then added if quantitative work is desired.  
Gas chromatography (GC) and gas chromatography mass spectroscopy (GCMS) are well-
established techniques in geochemistry for the study hydrocarbon fractions. GC finds wide 
applicability in geochemical analysis because it is sensitive to organic matter secondary 
processes such as biodegradation and thermal maturation (Peters and Moldowan, 1993). 
The fundamentals of GC have been reviewed in Chapter 3, Section 3.7. Certain crude oil 
components may be resolved by GC alone, particularly for trace concentrations. In addition, 
n-paraffins and isoprenoids which may dominate the GC spectra are readily altered by 
secondary processes. In these cases, GCMS is preferred. In GCMS, the capillary column 
used for chromatographic separation is coupled to an ionisation source. Most GCMS 
instruments use electron impact ionisation sources. The limitations of this source for 
naphthenic acid identification have been presented in Chapter 4. Hence the source is better 
suited for the identification of hydrocarbons. A mass spectrum is obtained by holding a 
scan number (total number of number of scans per seconds) and by plotting mass-to-charge 
ratios (m/z) against detector response.  The technique can be operated in different modes 
such as selected ion monitoring (SIM), full scan and parent mode. SIM is the most common 
method for biomarker analysis. Stearanes and terpanes can be easily monitored using their 
principal fragment ions at m/z values of 217 and 191, respectively. Some of the most 
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important parameters for GCMS operation include resolution, signal-to-noise ratio, ion 
sampling frequency, column bleed and overload. The identification of hydrocarbon 
compounds using GCMS uses the retention times in the GC column, the elution patterns, in 
addition to the mass spectrometry information. 
Biomarkers may be described as molecular fossils and are useful for a number of reservoir 
studies, particularly if the source rock is not available. It is thought that organic compounds 
in a source rock can be transmitted to the oils. Despite their low abundance in crude oils 
when compared to other species, biomarkers are the most structurally defined compounds 
in petroleum (Peters and Moldowan, 1993). Typical applications in which biomarkers are 
used include: relative amount of oil-prone and gas-prone organic matter in the source 
kerogen, the age of the source rock, the environment of deposition (e.g. marine, lacustrine, 
fluvio-deltaic or hypersaline), lithology of the source rock (e.g. carbonate, shale) and 
thermal maturity of the source rock during generation (Peters and Moldowan, 1993). The 
basic structure of all biomarkers consists of the isoprene (methyl butadiene) skeleton. 
Compounds which contain the isoprene subunits include terpenoids and isoprenoids, for 
instance. Most biomarkers elute in the GC range between nC24 and nC36, with the exception 
of pristane and phytane (acyclic isoprenoids), which elute earlier. For the purposes of 
correlating source rocks, depositional environments and crude oils, terpanes (e.g. C29 and 
C30), hopanes and their ratios as well as the pristane/phytane ratio are used. An example of 
the identification of these compounds in a GC chromatogram of a whole crude oil is 
included in Figure 8.1.  
 
Figure 8.1. Identification of hydrocarbon biomarkers during GC analysis (Peters and 
Moldowan, 1993). 
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For the study of biodegradation there is an equally large range of biomarkers available. 
Meredith et al. (2000) used the pristane/nC17 ratio, but this is affected by other reservoir 
fractions, and it may be very difficult to measure in heavily degraded oils. Most of the oils 
tested by Meredith et al. (2000) were of marine origin. However the authors were able to 
show qualitative correlations between TAN, acid amounts and biodegradation. Biodegraded 
oils are associated with subsurface accumulations usually in shallow reservoirs at 
temperatures below 80 °C and low water salinity (Barnard and Bastow, 1991; Kim et al., 
2005). Nascimento et al. (1999) used the following ratios for accessing crude oil 
biodegradation: pristane/phytane, pristane/nC17 and phytane/nC18. They were able to 
correlate these ratios with the presence of specific naphthenic acid families. Peters and 
Moldowan (1993) developed a scale for biodegradation in which level 1 represents 
undegraded oil (unaltered n-alkanes) and level 10 represents severely degraded oil. 
According to these authors the increase in resistance to biodegradation of biomarkers would 
be in the order: n-paraffins, isoprenoids, steranes, hopanes, diasteranes, aromatic steroids 
and porphyrins. Severely biodegraded petroleums cannot however be resolved by GC alone 
due to large amounts of unresolved organic matter, thus GCMS is also necessary.  
In the elegant work by Kim et al. (2005) a series of crude oils were analysed with the 
purpose of establishing a correlation between biodegradation and naphthenic acid species 
identified by FTICRMS. The authors reported the use of a new biodegradation index, the 
acyclic/cyclic naphthenic acid ratio which was a reasonable match for the Peters and 
Moldowan (P&M) index. These trends were further supported by the work by Klein et al. 
(2006) who presented data on 16 crude oils which were suggested to have a low 
biodegradation index with high acyclic/cyclic ratios. Highly biodegraded crude oils on the 
other hand had low acyclic/cyclic ratios with an abundance of species with 2, 3 and 4 rings 
as well as double bonds. 
Maturity of crude oils can be assessed with biomarker as well as non-biomarker parameters. 
Meredith et al. (2000), for instance, used C29 steroidal hydrocarbon information to study a 
range of acidic crude oils. The results of these authors showed that maturity did not vary 
with oils from the same region even with increasing TAN. One of the most common non-
biomarker parameters used is n-paraffins. Less mature oils may show a bi-modal n-paraffin 
distribution (associated with higher plant waxes), as compared to more mature oils which 
may present uni-modal distributions (Peters and Moldowan, 1993).  
GCMS was carried out in this thesis using a VG70VSE model with the electron impact 
source at an energy of 70 eV. The following settings were also used: trap current 200 µA, 
accelerating voltage 8 kV, source temperature 280 °C. 
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8.2.5.  Solubility group analysis. 
The classification of crude oils into solubility groups is a very well-established flow 
assurance procedure. Speciation of crude oil components into solubility fractions can be 
achieved using the Saturates, Aromatic, Resins and Asphaltenes (SARA) method (Riazi, 
2005). The separation of these components from crude oil may be carried out using a 
variety of techniques such as liquid or thin plate chromatography. High performance liquid 
chromatography (HPLC) can also be used and has the advantages of being less time 
consuming, and less prone to sample losses (Sjoblom et al., 2003; Hemmingsen et al., 
2005). 
SARA methods are highly dependent on the exact nature of the solvent used and the time of 
contact with the crude oil sample, in particular, for asphaltene speciation. Other 
disadvantages include losses owing to evaporation during solvent removal, which are 
particularly noticeable in low density crude oils (Hemmingsen et al., 2005). The 
classification of crude oils using SARA techniques has allowed for interesting correlations 
to be established; for instance, biodegradation usually increases the asphaltene content 
(relative to the saturated and aromatic hydrocarbon content).  Miller et al. (1987) observed 
increases in asphaltene content from 2 to 21 wt% from a non-biodegraded to a heavily 
biodegraded tar sand. Many reports treat SARA data statistically for crude oil property 
prediction. Aske et al. (2001) have shown that the highest uncertainty of the results is in the 
saturate and aromatic fraction determination. Hurtevent (2004) attempted to use SARA 
information from soap-forming crude oils using multivariate analysis, but results did not 
indicate clear trends. Hemmingsen et al. (2005) used SARA information in order to study 
crude oil emulsion formation tendencies using multivariate analysis. It was decided in this 
thesis not to employ statistical methods for analysis given that insufficient data was 
available from soap-forming fields. It is estimated that the total number of soap-forming 
fields in the world is approximately 30 (Smith and Turner, 2004). Even if all the data from 
these fields were available in this thesis, the use of statistical tools (e.g. principle 
component analysis) would still be questionable because of over-parameterisation. 
Nevertheless, at the time of this work, there had been no reported publication on the 
correlation of SARA data with naphthenic acid information and other geochemical 
information.  
In this thesis SARA was performed on the selected soap-forming crude oils. De-
asphaltened samples were injected in isooctane for normal phase HPLC using an 8 µm 
silica column. Solvents used include isooctane, toluene and a dichloromethane/methanol 
mixture. Weight fractions were determined gravimetrically after the controlled evaporation 
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of solvent using nitrogen gas. GC settings for the saturate and aromatic fraction were 
similar to those described in Section 3.7 with the exception of the temperature 
programming, which was 70 °C for 3 minutes then to 320 °C at 5 °C/min, then a final hold 
for 20 minutes. 
 
8.2.6.  Wax content. 
The separation of crude oil solubility classes using the SARA methods described earlier 
does not provide information on the wax content of crude oils.  Waxes (paraffins) are crude 
oil components which are soluble at high temperatures, but which may crystallise when the 
oil is cooled during production. Wax crystals may result in non-Newtonian flow properties 
of the oil and represent one of the most important flow assurance issues, particularly for 
deep water prospects where gelling or restart after shut-in may be critical. 
Crude oil waxes and naphthenic acids have been linked, in particular, during the formation 
of sodium carboxylate soap emulsions (Gallup et al., 2004, reviewed in Chapter 2). Gallup 
et al. (2002) used GC to show that a dried sludge formed from soap emulsions contained a 
series of n-alkanes with predominant species having carbon numbers between 11 and 17. 
Gallup et al. (2005) presented studies on wax and soap deposits formed in a different field. 
This paper reported the wax deposition problem continued even after the soap emulsion 
problem had been resolved, which suggested that the primary flow assurance problem in 
this field was wax. This could mean that the soap emulsions formed in the process 
contribute to the emulsion stabilisation problem, but are not the main cause of the deposits. 
Li et al. (2004) suggested the possibility of soap occurrence as a justification for the 
formation of water-in-oil as well as oil-in-water emulsions during enhanced oil recovery. 
Interestingly, in their work the crude oil had very low TAN (0.18) and very high paraffin 
content (18.6 wt%). The authors also showed the presence of carboxylic acids and their 
salts in a separated aliphatic fraction of the crude oil. A definite correlation between wax 
content and naphthenic acids in soap formation is not at present available in the literature. 
Further attempts to correlate wax with API gravity and acidity were presented by Rousseau 
et al. (2001). The authors showed that for fields within the same geographical region, the 
wax content increased with the increasing API gravity and was inversely proportional to the 
TAN of the crude oil samples. 
Wax content is an empirical value dependent upon the conditions under which it is 
separated. In addition, wax properties of oils are strongly dependent on the mechanical and 
thermal histories of the samples under study. Thus when preparing a sample for analysis, it 
is important that it is pre-heated to remove any solid wax already formed. The choice of 
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solvent is of critical importance in this procedure since non-removed asphaltenes may 
increase the amount of wax determined, for instance. In this thesis the UOP 46 method for 
wax determination was used. This is the most widely used method in the petroleum 
industry. In summary, the wax is determined in an asphalt-free crude oil in methylene 
chloride, during cooling.  
 
8.2.7. Sulphur and metal content. 
On a molecular basis, petroleum contains hydrocarbons, as well as organic compounds 
containing sulphur, nitrogen and oxygen. Metallic constituents may also be present, but 
only to a minor extent. Sulphur content is the primary heteroatom elemental measurement 
in crude oils. According to Speight (1991) sulphur levels in crude oils vary between 0.05 
and 6 wt%. Most sulphur originates from early diagenetic reactions between deposited 
organic matter and aqueous sulphide species (Peters and Moldowan, 1993). The analysis of 
sulphur in crude oils can provide interesting information to oil producers, particularly in 
regards to corrosion tendencies. From a geochemical perspective, sulphur can also be used 
to classify crude oils in biodegradation studies. It has been suggested that sulphur is 
incorporated in crude oil during secondary processes (Meredith et al., 2000). High sulphur 
content (higher than 1.3 wt%) is usually found in biodegraded crude oils. Sulphur may also 
be used as a secondary source indication. Marine and lacustrine environments usually have 
low or zero sulphur concentration (Hughey et al., 2002). 
Meredith et al. (2000) attempted to correlate sulphur content with other geochemical 
properties and acidity. A large range of sulphur content for crude oils was found, varying 
between 0.24 to 4.8 wt%. Meredith et al. (2000) could not find a clear relationship between 
sulphur levels and TAN, and suggested that sulphur could be related to particular source 
rock instead of acidity. Techniques employed to measure sulphur in crude oils include X-
ray fluorescence (XRF), X-ray photoelectron microscopy (XPS) as well as inductively 
coupled plasma (ICP) (Laredo et al., 2004; Yepez, 2005). Micro-colourometry may be used 
for concentrations between 1 and 100 ppm. The largest interferences in this method are 
from nitrogen and chlorine in concentrations above 1000 and 10000 ppm, respectively. 
Bromine and metal organic compounds may also interfere. XRF is the recommended 
method particularly if volatile sulphur is present in high concentrations. Wavelength 
dispersive XRF is used in the IP 407 method and is suitable for concentration ranges 
between 1000 and 20000 ppm. Energy dispersive XRF is used in the IP 336 method for 
concentrations varying between 100 and 50000 ppm, although samples containing heavy 
metal additives such as lead may interfere (Riazi, 2005). ICP may be the preferred method, 
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particularly if the analysis of the crude oil will also require components other than sulphur 
to be assessed. This may be carried out using the ASTM D4951 method. In the present 
thesis, it was decided that sulphur would be analysed in conjunction with other elements 
present in crude oil and therefore ICP was used.  
Metal analysis, in particular iron, nickel and vanadium is quite a common practice in flow 
assurance studies, particularly to correlate asphaltene deposition (Idem and Ibrahim, 2002). 
Nickel and vanadium exist in crude oils largely owing to porphyrin complexes and they 
may be used to determine depositional environments as well as oil-rock interactions (Peters 
and Moldowan, 1993). Analysis of these elements is also required due to their tendency to 
poison downstream catalysts (Speight, 1991). Vanadium and nickel may be analysed with 
XRF using the IP 433 method for concentrations between 5 to 1000 ppm (vanadium) and 5 
to 100 ppm (nickel). Barium at concentrations above 300 ppm may interfere with the 
analysis. For vanadium and nickel concentrations between 4000 and 40000 ppm, the IP 413 
method is preferred. In this method the crude oil sample is ashed and the residue analysed 
with atomic absorption spectroscopy (AAS).  
The direct comparison of metal content in crude oils must take into consideration the 
thermal maturity of the samples. This is because metal and sulphur content decrease with 
increasing maturity. There are numerous methods for analysis of metals in oilfield samples. 
Complexometric methods such as IP 339 may be used. However this has many 
disadvantages: alkali metals are not determined, in addition to poor reproducibility 
compared to other techniques. XRF methods include IP 407 (for the determination of lead 
in gasoline) and the IP 352 (for the determination of barium, calcium, phosphorus, sulphur 
and zinc). When analysing trace metals in hydrocarbons, one of the largest interferences 
occurs due to the presence of halogens. This is particularly observed in ICP with atomic 
absorption spectrometry (AAS) (Russel and James, 1997). Thus it is common practice to 
correct for halogens in these measurements. Chlorine in crude oil is measured using 
separate techniques which will be reviewed in Section 8.2.8. The use of crude oil metal 
content for the purpose of soap prediction has not been reported in the open literature. 
Determination of particular metal species (i.e. calcium) may be justified because it is 
believed that naphthenic acids may be complexed with metals in the crude oil prior to soap 
deposition. Results in Chapter 6, Section 6.5 suggested this is occurring both with 
commercial mode acids as well as indigenous naphthenic acids extracted from soap 
samples. It has also been reported that particular soap-forming crude oils contain very high 
concentrations of metals (Turner and Smith, 2005). These may represent an additional soap 
type (neither calcium naphthenate soap scale or sodium carboxylate soap emulsion) and are 
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hereafter referred to as bound soap scale. The operational problems associated with this 
type of soap behaviour include poor separation at topsides and off-spec samples. For the 
purpose of soap prediction, the analysis of divalent and monovalent metals in soap-forming 
crude oils might provide insight into the field deposition mechanism. In addition, nickel, 
vanadium and sulphur were also be analysed because of possible geochemical correlations. 
A full crude oil assay (21 elements) was carried out using ICP atomic emission 
spectroscopy (AES) using Perkin Elmer Optima 5X00DV in accordance to ASTM D4951 
method. The test covers the determination of barium, boron, calcium, copper, magnesium, 
molybdenum, phosphorus and zinc. Sulphur can also be determined if the instrument 
operates with a wavelength of 180 nm. 
 
8.2.8. Chlorine and water content. 
In this thesis, it was thought that the water and chlorine content of crude oil would provide 
additional insights into the measurements of calcium and other metals presence in soap-
forming samples. In other words, these analysis would enable the differentiation of, for 
instance, organic metal content as opposed to inorganic metal content. Different types of 
chlorides are found in crude oils and these are classified as inorganic, organic salts and 
chlorinated organic compounds. Inorganic chlorides are present mainly in the associated 
water and are usually removed with desalting. Organic chlorides are incorporated in crude 
oils as additives or production chemistry products. Chlorides are known to cause corrosion 
and catalyst poisoning in oilfield operations (Ye, 2000). The analytical measurements 
employed for chlorides in crude oils must take into consideration the exact species to be 
measured (e.g. inorganic vs. organic). Some of the methods that can be used to determine 
organic chlorides are reviewed in the next paragraph.  
The ASTM D4929 method is used for concentrations above 1 ppm. This encompasses the 
distillation of a particular crude oil cut followed by the conversion of the organic chlorides 
to inorganic chlorides via chemical or combustion methods. The UOP 77992 method may 
be used for chloride concentrations from 1 to 1000 ppm. It entails sample combustion and 
automatic titration by colourimetry. The IP AK/81 method uses micro-colourimetric 
detection for organic chloride measurement. It works by converting organic chloride to 
hydrochloric acid. The total chloride content in petroleum may be analysed using XRF 
methods, such as ASTM D6443, using hardware described in Section 3.4.2. The use of 
XRF for liquids has the advantage that the technique requires little sample preparation. 
However one of the most important sources of error is the interference caused by matrix 
effects, which can lead to errors as high as 15 %, and can be minimised by the use of 
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alumina matrices (Russell and James, 1997). The analysis of liquids by XRF presents a 
number of additional challenges such as evaporation, stratification and precipitation effects. 
Samples should be mixed thoroughly and preferably allowed to stabilise for a few days 
prior to analysis. Potentially volatile samples such as oils should be analysed one at a time, 
and the transfer times must be kept to a maximum of a few seconds. An alternative adopted 
by many instrument manufacturers is to place a cover cap over the lid of the sample cup, 
yet this may cause poor reproducibility due to liquid film bulging. Other alternatives are 
baffled cups or pierced lids. There are a few alternative sample preparation methods which 
may be used when there is a risk of poor reproducibility as a result of sample volatility. 
Thin films are made by depositing the sample on a support, with or without drying. 
However, this procedure must be carried out with care, since light ends and other volatiles 
may be lost. 
In this thesis XRF analysis of soap-forming crude oils was performed using the IP 503 
method with bismuth as an internal standard. Matrix effects were corrected mathematically. 
The method is for the analysis of total chlorides (and bromides) in petroleum products with 
a guaranteed accuracy for concentrations between 5 to 1000 ppm. The largest contaminants 
for this method are lead ions. The equipment used for this procedure was a Philips PW2400 
WDXRF instrument with a 3 kW rhodium source. 
Crude oils usually contain water either in emulsified form or dispersed, and the knowledge 
of this is important in refining, purchase, sale and transportation of products. There are a 
number of methods which can be used for water determination in crude oils, including 
ASTM D4006 and ASTM D4377. The determination of water content using the distillation 
method is covered by ASTM D4006 (Riazi, 2005) for contents up to 1 vol%. The method 
uses a co-solvent to separate water from oil. An inherent disadvantage of the technique is 
the fact that large volumes of samples may be required. The Karl Fischer method for 
determining water content relies on the reaction of water with iodine (generated by 
colourimetry). This is carried out between two platinum electrodes using an iodide reagent 
in the presence of sulphur dioxide and a suitable base buffer. Water concentrations between 
0.02 to 5 wt% can be measured with this approach. Sulphur interferences, particularly 
mercaptans and ionic sulphides, may cause incorrect measurement. The ASTM method 
D4928 uses a colourimetric technique for the Karl Fisher determination of water content, 
but may also be carried out using potentiometric titration (ASTM D4377).  In this thesis the 
determination of water content in the selected crude oil samples was carried out using 
ASTM D4928, with a Metrohm 774 sample processor and 831 Karl Fischer coulorimeter.  
Only free and extractable water were determined. For samples with moisture content up to 
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1 wt%, the instrument repeatability (standard deviation) is ± 0.01 %. The choice of 
technique was based on the limited crude oil sample volumes available for analysis.  
 
8.3. Water properties. 
The importance of oilfield water analysis was discussed in detail in Chapter 5, as well as 
the implication of precise water constituents on soap formation in Chapter 2. For the 
purpose of soap screening, the following water parameters from a series of soap-forming 
fields were assessed: pH, cations (sodium, calcium) and anions (bicarbonate). Sodium and 
calcium concentrations were selected since they are the most important cations present in 
the field soap samples (Table 4.9). Also, sodium is usually the most predominant cation in 
oilfield water samples. The determination of bicarbonate ions was carried out for two 
reasons: these ions are part of the controlling elements in pH of the soap-forming system; 
and they are believed to play a role in soap emulsion structures (Gallup et al., 2004). pH 
measurements are critical for the agreed basic mechanism of soap deposition (Rousseau et 
al., 2001). It is also suggested that volatile fatty acids (VFA) may play an important part in 
predicting soap emulsion systems (Turner and Smith, 2005; Gallup et al., 2007). However, 
this information was not available for the fields studied in this thesis and thus it was 
decided to exclude these variables from the analysis of water properties.  Note that the 
water analysis used in this thesis comprised of cations (analysed using ICP AES), anions 
(bicarbonates analysed using titration techniques detailed in Chapter 5), and onsite pH 
measurements (mostly separator samples). It is expected that the largest source of error in 
these measurements will be the onsite pH measurements, since these values are highly 
dependent on the evolved CO2 gas which may have been lost prior to the actual 
measurement itself (i.e. during sampling). Figure 5.1 showed the variation of pH at surface 
with CO2 content and provided an assessment of this effect. In order to verify the accuracy 
of the pH values, it would be necessary to perform a re-equilibration of each water and 
hydrocarbon sample phase at reservoir conditions. This would be followed by a flash 
calculation to ambient or separator conditions. To carry out this calculation, access to PVT 
and reservoir data would be necessary, and this was not available. 
 
8.4.  IFT measurements. 
It has been suggested in the literature (review in Chapter 2) and shown in tests with 
indigenous acids obtained from field deposits (Chapter 6), that particular naphthenic acids 
(e.g. Arn) present some degree of surface activity. These conclusions were obtained from a 
range of techniques, e.g. Langmuir troughs and interfacial measurements (Brandal, 2005) in 
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parallel to the results presented in Chapter 6. The application of interfacial tension (IFT) to 
crude oils provides useful information for oil recovery projects, demulsification studies and 
mixing of streams. Arla et al. (2007) presented work which aimed to correlate the different 
solubility classes of crude oil which the tendency for emulsion formation. TAN, API and 
SARA information of the crude oils was used. Emulsions maps showed a strong dominance 
of O/W systems at pH greater than 9, separated by regions where W/O systems were 
observed (at low pH) and a small area at pH values close to pH 14 (an inversion point 
caused by excess sodium ions). Naphthenic acids were suggested to be the main 
amphiphiles responsible for the formation of stable O/W emulsions at high pH. The resin 
and asphaltenes fractions were said to be the main components in the stability of W/O 
components at low pH.  
IFT measurement of the selected soap-forming crude oils has been included in the proposed 
soap screening methodology. An additional objective of these measurements was to 
correlate the surface activity of the field deposits (presented in Figure 4.53) with that of the 
parent crude oils. Thus, the selected soap-forming crude oil samples were used in Du Nouy 
ring experiments, with synthetic brines containing the exact sodium and calcium 
concentrations from the actual water samples from these fields. Bicarbonate concentration 
was kept at 72 ppm. Brines were pH adjusted and measurements were carried out at 25 °C 
and in the pH range from 2 to 10. Details of the apparatus are identical to those presented in 
Section 3.6. 
 
8.5. Results. 
Basic crude oil properties: API, TAN, naphthenic acid content. 
There is no clear trend correlating TAN and API for the series of soap-forming crude oils 
evaluated in this thesis (Figure 8.2). Soap scale-forming crude oils tend to have lower API 
than soap emulsion-forming crude oils. Figure 8.2 also shows an example of bound soap 
scale-forming crude oil, which occupies a separate region: high TAN and very low API. 
This would however need to be confirmed with similar crude oils from other fields. Figure 
8.2 also includes the data for a non-soap-forming crude oil. This data point is located in the 
region of soap-scaling crude oils. This suggests that soap emulsion-forming crude oils can 
be identified because they have higher API than the three other types of crude oil samples 
used. Bound soaps tend to have very high TAN, but similar API to soap scale-forming 
crude oils. There is, however, an intermediate range of API where soap emulsion and soap 
scale-forming samples behave in a similar way, so only the extremes of API (i.e. greater 
than 30 or less than 25) can be used with any confidence.  
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Figure 8.2. API as a function of TAN for selected crude oils. Scales refers to soap scale-
forming crude oils, emulsions refers to soap emulsion-forming crude oils and bound soap 
refers to bound soap scale-forming crude oils. 
 
Figure 8.3 presents the TAN values for the soap-forming crude oils plotted as a function of 
naphthenic acid concentration. No correlation can be observed between TAN and acid 
concentration in the soap-forming crude oils. This is probably a combination of the overall 
effect of bound acids in the crude oil, particularly in the high TAN samples. Yet in the low 
TAN crude oil samples this may also be a reflection of other acidic components which 
affect the TAN values (e.g. phenols). The naphthenic acids from the crude oils are 
measured as free ions, so there is a possibility that some might be combined with cations as 
salts, thus affecting the overall measurement. The bound soap scale-forming crude oil 
shows the largest concentration of naphthenic acid. This is probably due to large quantities 
of acid liberated from the cation-acid complexes during measurement.  
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Figure 8.3. Naphthenic acid HA concentration (ppm) as a function of TAN for selected 
crude oils. Scales refers to soap scale-forming crude oils, emulsions refers to soap 
emulsion-forming crude oils and bound soap refers to bound soap scale-forming crude oils. 
 
 
Naphthenic acid speciation. 
Figures 8.4 to 8.7 present examples of the direct ES spectra (negative mode) on selected 
soap-forming crude oil samples. All spectra were recorded to m/z 1500. These samples 
were chosen because they represent examples from the major soap-forming crude oil types 
used in this thesis. All samples are soap-forming, yet their mass spectra show very clear 
distinct fingerprints.  In mass spectrometry ionisation in the negative mode, not all m/z data 
can be assumed to be due to naphthenic acids. There are other acidic species in crude oils 
which do not contain the carboxylic acid functionality. Nevertheless, it has been assumed in 
this work that each peak in the spectra represents a naphthenic acid species. The overall 
ionisation of the sample is a function of the interaction between the solvent and the 
different naphthenic acids. Because the individual ionisation efficiencies of each naphthenic 
acid species are not known, mass spectrometry data should be regarded as qualitative only. 
Naphthenic acid species were assigned by using the m/z data with the guidelines of 
Clemente and Fedorak (2004), discussed in Section 3.2.1.2. 
In Figure 8.4, which presents the results for crude oil from Field X, ions were detected 
which indicated the presence of the following species: acyclic acids, mono-cyclics and bi-
cyclics. Naphthenic acid species are however detected in this sample up to 650 Daltons. 
The predominance of naphthenic acids with the formula described in Equation 1.1, would 
indicate an oil sample with certain degree of biodegradation (Kim et al., 2005).   
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Figure 8.5 presents the results for crude oil from Field W, which has different trends to that 
of Field X. A larger distribution of acyclic species was detected compared to Field X. The 
proportion of mono-cyclics was also considerable with species ranging from C8 to C32 and 
bi-cyclics from C10 to C34. Based on the higher percentages of acyclics and the presence of 
higher carbon number species, this sample could represent a non-biodegraded oil. Other 
geochemical analysis would need to be carried out to support this conclusion. 
In Figure 8.6, the results from crude oil from Field Z are presented. Very low levels of 
acyclic acids were evident and there was no major presence of mono-cyclic and bi-cyclics 
with carbon numbers below 50. In addition, species were detected in the range m/z 613 to 
622 and from m/z 1230 to 1236 as well as m/z 1244. Observation of these ions is usually 
associated with the second and first ionisation of the Arn naphthenic acid species (Baugh et 
al., 2004; Brocart et al., 2005). This is highlighted in the expanded spectra in Figure 8.7. 
Based on the presence of substantial acyclic species in this sample, it is suggested that this 
represents a non-biodegraded crude oil sample. 
The sample from Field Z was the only crude oil where the first ionisation of the Arn species 
at m/z 1230 was observed. Initially it was thought this could be owing to detection limits of 
the Arn species using conventional ES with a single quadrupole instrument. Results were 
shown in Section 6.4 which discussed tentative tests for the limit of detection of Arn acids 
with ES with a conventional low-resolution single quadrupole. It was determined that the 
Arn acid could be detected in samples using conventional ES at a concentration no lower 
than 80 ppm (Figure 6.37). From the results in Chapter 4 it was known that the detection of 
Arn species was also a function of the exact nature of the ionisation source and solvent used 
in MS (Figures 4.8 and 4.15). In order to optimise the usage of ES for the speciation of 
naphthenic acids from the soap-forming crude oils, the use of a selective ion-exchange resin 
(QAE-Sephadex) was justified. The primary objective was to verify if the lower 
concentrations of the Arn species could be observed after selective extraction. It was 
decided that the application of this resin to the crude oils could aid in the selective 
separation of the crude oil naphthenic acid content and help with the identification of the 
Arn species not seen using ES directly on the crude oils. In addition high-resolution 
FTICRMS was employed since it was claimed that the Arn family could be detected 
directly in crude oils using this technique in concentrations above 3 ppm, without prior 
separation (Mediaas et al., 2005).  
The results of the ES spectra of the naphthenic acids separated from crude oil from Field Y, 
with the ion-exchange resin are presented in Figure 8.8. To aid in the interpretation of the 
results, the spectra of the original parent crude oil is also presented. Two important 
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observations can be made in regards to the overall performance of the ion-exchange resin 
from Figure 8.8. From the results in this thesis it was observed that the resin extraction 
yields for naphthenic acid species is far from ideal. This is because many of the naphthenic 
acid species present in the parent crude oil were not observed in the naphthenic acid extract. 
This can possibly be attributed to irreversible losses of naphthenic acids during the 
extraction procedure. Borgund et al. (2007) have shown that the exact nature and 
distribution of acidic species separated from crude oils is a function of the extraction 
technique employed (liquid or solid phase). Secondly, it can be seen that no Arn naphthenic 
acid was recovered from the crude oil sample using the ion-exchange procedure. That many 
naphthenic acids have not been recovered is surprising and could be used to question the 
selectivity of the resin. This was the case for all the crude oils used in this thesis. The 
further absence of Arn acids in all of the QAE-Sephadex extracts as analysed by ES was 
also somewhat puzzling given many of the crude oils tested are known to be soap-forming. 
Mediaas et al., (2005) have stated that presence of Arn in crude oil is a necessary 
requirement for calcium naphthenate soap scale formation. The results in Chapter 6 support 
this conclusion, given that a sticky polymer-like interfacial deposit was only observed when 
this acid was present in the oil phase during bottle tests. It would thus appear that the resin 
method is not be suitable for the accurate acid extraction of the soap-forming crude oils 
tested in this thesis, in particular those with higher TAN values. Nevertheless no 
optimisation of the ion-exchange method was carried out, such as an increase in resin 
capacity or contact time, since this falls outside of the original scope of the experimental 
work in this chapter. 
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Figure 8.4. Direct negative mode ES of crude oil from Field X (soap scale-former). 
 
 
 
Figure 8.5. Direct negative mode ES of crude oil from Field W (soap emulsion-former). 
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Figure 8.6. Direct negative mode ES of crude oil from Field Z (soap scale-former). 
 
 
Figure 8.7. Expanded direct negative mode ES of crude oil from Field Z (soap scale-
former). 
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Figure 8.8. Negative mode ES spectra of naphthenic acids extracted from crude oil from 
Field Y using QAE-Sephadex. Comparison with direct negative mode ES of parent crude 
oil (soap scale-former). 
 
No additional Arn species could be detected by ES in naphthenic acid extracts taken from 
the soap-forming crude oils. It was thought that the Arn acid could be in a concentration 
range below the limit of detection using single quadrupole ES for particular crude oils 
(detected to be around 80 ppm as per Section 6.4.1.2). Thus it was decided to use a high-
resolution instrument (FTICRMS). Figure 8.9 shows a comparison of the high-resolution 
results with that obtained via conventional single quadrupole ES. The spectrum from the 
high-resolution is more intense than the low-resolution instrument, as expected, where at 
least two orders of magnitude higher are observed for the most intense naphthenic acid 
species. The spectra are however equivalent for m/z values of up to 550. For values above 
this, the FTICRMS shows a low distribution of species to about m/z 900. Rodgers et al. 
(2006) suggested this type of trend is a result of multimers which form due to lower 
molecular weight naphthenic acids in combination with ionisation effects. Yet, in the 
experiments conducted by the same authors, multimer formation could not be attributed to 
any particular naphthenic acid species. No Arn family was detected in the experiments in 
this thesis with the soap-forming crude oil even with the FTICRMS. This was also 
surprising, given that this technique is known have the highest resolution for the mass 
spectrometry of naphthenic acids. 
In summary, the selective extraction of the naphthenic acids using QAE-Sephadex resin and 
the application of ES and high-resolution FTICRMS were unable to show evidence of Arn 
in all but two crude oil samples. This interesting result has suggested that these species in 
fact were no longer present in the crude oil samples. Because of the low concentration of 
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Arn acids in crude oil, it is very likely that during soap deposition in field conditions, these 
acids were selectively removed from the oil to during the formation of soap deposits. Figure 
6.38 showed the indigenous acids from the same field as the crude oil analysed by the 
techniques in Figure 8.9 contained 4 wt% Arn. This would represent a very large depletion 
effect in the parent crude oil’s Arn content.  
For these reasons, it was decided not to include the Arn in the acid speciation for the 
purpose of soap prediction in this chapter. Brocart et al. (2005) have also shown data on 
crude oil samples where Arn was detected, but this did not result in a soap problem under 
field conditions. The authors did not mention possible mechanisms for this. Results 
presented in Chapter 4 and 6 support the idea of the competition of Arn and other acids for 
soap formation, in the field and laboratory condition. Yet when Arn was detected (Figure 
8.6 and 8.7), the relative mass spectra signal of these acids was very low compared to the 
other naphthenic acid species.   
Figure 8.10 presents an example of naphthenic acid speciation of a selected soap-forming 
crude oil used in this thesis. The acid species are presented according to the carbon 
numbers (n) and hydrogen deficiencies (Z), as per Equation 1.1. In Figure 8.10 it can be 
observed there is a range of naphthenic acid species in the crude oil, however with no 
predominance of Z groups or carbon numbers. The information in this graph was used to 
obtain a detailed speciation of naphthenic acid families for the soap-forming crude oils and 
this was used in additional screening. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 287 
 
a) 
b) 
 
Figure 8.9. Field Y crude oil spectra, a)FTICRMS and b)ES single quadrupole spectra 
(soap scale-former). 
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Figure 8.10. Speciation of naphthenic acids in crude oil from Field Y sample (soap scale-
former) according to carbon numbers (n) and hydrogen deficiencies (Z). Legend represents 
Z groups. 
 
Figure 8.11 presents the detailed speciation of naphthenic acids in the crude oil samples 
used in this thesis using the data illustrated in Figure 8.10. Fatty acids (acyclics) and mono-
cyclics were used since they were amongst the most predominant species in soap emulsion 
field samples (Figure 4.27). The acyclic/cyclic ratio was first proposed by Kim et al. (2005) 
to be a reasonable biodegradation parameter based on six generically related crude oils. 
Figure 8.11 shows that by plotting the acyclic plus mono-cyclic acid content as a function 
of the acyclic/cyclic naphthenic acid ratio, it is possible to distinguish the two major soap-
forming samples (scales and emulsions). Clearly, soap emulsion-forming crude oils contain 
higher concentrations of acyclics as well as higher acyclic and monocyclic acid 
concentrations compared to soap scale-forming crude oils. Cut-off values can be seen at an 
acyclic/cyclic ratio of 0.5 and acyclic plus mono-cyclic value of 50 %. Figure 8.11 also 
shows the data for a non-soap-forming crude oil and this falls within the area associated 
with soap scale-forming crude oils. More data on non-soap-forming systems would be 
required to evaluate this trend further. The implication of this is that Figure 8.11 may be 
used to predict soap emulsion-forming crude oils, but not soap scale-forming crude oils. It 
was not possible to examine the naphthenic acid speciation for bound soap scale-forming 
crude oils, due to volume limitations. 
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Figure 8.11. Naphthenic acid speciation of crude oils by MS. Acyclic/cyclic ratio as a 
function of acyclic and mono-cyclic acid percentage for selected crude oils. Scales refers to 
soap scale-forming crude oils, emulsions refers to soap emulsion-forming crude oils.  
 
Figure 8.12. Number average molecular weight of naphthenic acids as a function of the bi-
cyclic plus fraction for selected crude oils. Scales refers to soap scale-forming crude oils, 
emulsions refers to soap emulsion-forming crude oils. 
 
Figure 8.12 shows a second approach to distinguishing soap emulsion-forming crude oils 
and soap scale-forming crude oils using another hydrogen deficiency parameter and the 
number average molecular weight of the naphthenic acids obtained from the m/z data from 
MS. In this case the naphthenic acids with hydrogen deficiency lower or equal to -4 
(corresponding to species having 2 or more rings bi-cyclics) were used. There is a large 
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scatter in the data, but it can be observed that there is a clear separation between soap scale-
forming and soap emulsion-forming crude oils. Based on the samples evaluated, a general 
cut off of 50 % bi-cyclic plus fraction can be used to distinguish between the two flow 
assurance cases. However, a non-soap-forming crude oil is also seen within the soap scale-
forming region. Thus the graph could in principle be used to predict soap emulsion-forming 
crude oils, but not soap scale-forming crude oils and more data from non-soap-forming 
crude oils is required to investigate this further. Speciation attempts with carbon numbers 
were also carried out. However these did not result in clear trends that could be used to 
fingerprint the crude oil samples. 
 
Geochemistry. 
Whole oil GC as well aromatic and saturate GCMS were used to examine the degree of 
biodegradation and maturity for the samples according to the parameters of Peters and 
Moldowan (1993). Figure 8.13 presents whole oil GCs of soap-forming crude oils, which 
clearly show different fingerprints. Sample a) represents a typical soap emulsion-forming 
crude oil. This is a non-biodegraded oil which has characteristics of deltaic or lacustrine 
source rock with a significant input of land plant organic matter younger than Barremian. 
This conclusion is based on two major observations. Firstly, a high pristane/phytane ratio 
(5.6) is characteristic of a less anoxic depositional environment, where organic matter has 
had slightly greater oxygen exposure such as river systems into a delta. Secondly, the 
GCMS for this sample shows that steranes are predominant compounds with 29 carbon 
atoms, with the presence of oleanane, biomarkers characteristic of land plant derived sterols 
(Peters and Moldowan, 1993). These properties may be considered a very distinct guideline 
for the prediction of soap-emulsion crude oils. These results are consistent with the analysis 
of soap emulsion-forming crude oils presented by Gallup et al. (2007). The four remaining 
sample chromatograms in Figure 8.13 (b, c, d and e) represent soap scale-forming crude 
oils. Sample b) is non-biodegraded probably sourced by a siliciclastic source rock and 
formed from a normal marine source system. Presence of 28,30-bisnorhopane shown by 
GCMS is consistent with generation from Kimmeridge clay.  This was the only non-
biodegraded soap scale-forming crude oil sample analysed in this thesis. Sample c) is a 
slightly biodegraded oil sourced from a normal marine siliciclastic shale rock. This sample 
shows some indications of lower thermal maturity than the others given the particularly low 
sterane isomerization ratios. Sample d) is a biodegraded crude oil, generated again from a 
marine shale (pristane/phytane higher than 1, with high diasteranes). The predominance of 
diasteranes over regular steranes suggests a more thermally mature oil than sample b). The 
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presence of significant amounts of 25-norhopane suggests cycles of severe biodegradation 
and topping up with fresher oil to restore the n-alkanes. Sample e) is a heavily biodegraded 
oil. Remaining hopane and sterane distributions are typical of a crude oil sourced from 
marine shale generated from a siliciclastic depositional environment. This is shown by high 
amounts of diasteranes relative to regular steranes. The degree of sterane isomerization and 
conversion of mono to tri-aromatic steranes is consistent with a maturity of peak oil 
generation. Most of the soap scale-forming crude oils studied were shown to contain 
indicators of siliciclastic source rock in normal marine environment. However, deltaic or 
land plant dominated lacustrine facies source systems were also observed for the other 
samples examined. 
The degree of biodegradation was further assessed using the pristane/nC17 ratio and on the 
scale proposed by Peters and Moldowan (1993).  This type of approach was suggested by 
Meredith et al (2000). Level 1 in the Peters and Moldowan (P&M) scale represents an 
undegraded crude oil (unaltered n-alkanes), and level 10 severely degraded oils (hopanes 
and diasteranes absent, C26-29 steroids attacked). Figure 8.14 presents the plot of the 
pristane/nC17 ratio as a function of the naphthenic acid concentration and Figure 8.15 
presents the acyclic/cyclic ratio as a function of the P&M index. From Figures 8.14 and 
8.15 it can be seen that there is no clear correlation between the acid concentrations, acid 
speciation and the biodegradation scales and biomarkers. Factors other than biodegradation 
must thus be affecting the overall naphthenic acid concentration and distribution in the 
crude oil samples studied in this thesis.  
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a)           b) 
 
c)           d) 
e) 
 
Figure 8.13. Whole oil GC’s of sample crude oils. a) soap emulsion-forming. b), c), d) and 
e) soap scale-forming. 
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Figure 8.14. Naphthenic acid concentration HA (ppm) as a function of the pristine/nC17 
ratio for selected crude oils. Scales refers to soap scale-forming crude oils, emulsions refers 
to soap emulsion-forming crude oils. 
 
 
Figure 8.15. Acyclic/cyclic naphthenic acid ratio as a function of the Peters and Moldowan 
(P&M) index for selected crude oils. Scales refers to soap scale-forming crude oils, 
emulsions refers to soap emulsion-forming crude oils. 
 
Many maturity parameters are also affected by biodegradation. Some correlations were 
attempted in this thesis with the relative concentration of C29 sterane ratios. The parameters 
which showed the best correlation are presented in Figure 8.16. There is a good correlation 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 1 2 3 4 5 6 7 8 9 10
scales emulsions non-soap former
A
cy
cl
ic/
cy
cl
ic 
ra
tio
P&M Index
0
200
400
600
800
1000
1200
1400
1600
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
scales emulsions non-soap former
pristane/nC17
H
A
 
(p
pm
)
 294 
between the sterane ratio and the TAN of the soap-forming crude oils. This is surprising, 
given that these crude oils are from different source rocks. It was however not possible to 
distinguish between soap emulsion-formers and soap scale-formers. This means that there 
is not much difference in crude oil maturity for the samples used in this thesis. However, 
data for non-soap-forming fields also falls in this region thus this type of parameter would 
need to be examined with additional non-soap-forming crude oil samples. 
 
Figure 8.16. C29 stearane ratio (αββ/αββ+ααα) as a function of TAN for selected crude 
oils. Scales refers to soap scale-forming crude oils, emulsions refers to soap emulsion-
forming crude oils.  
 
SARA and wax. 
Table 8.1 presents the SARA data obtained using the HPLC procedure described in Section 
8.2.5. Soap scale-forming crude oils contained significantly more asphaltenes on average 
than the soap emulsion-forming crude oils. The relative asphaltene values range from 0.23 
to 8.53 wt%. Yet the asphaltene/resin ratio showed some scatter in the data. Soap emulsion-
forming samples showed mostly low asphaltene/resin ratio, but also higher saturate to 
aromatic ratios.  Data from a non-soap-forming field is also presented and this also falls 
within the soap scale-forming data range. Despite some evident differences between the 
two major soap end-member cases, there are some major overlaps for the solubility 
fractions. Therefore, the use of this information for soap prediction purposed would not be 
recommended. 
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Table 8.1.  SARA results. 
 
Figure 8.17 presents the results of the acyclic and mono-cyclic content obtained by MS 
plotted as a function of the wax content of the crude oil samples used in this thesis. The 
data falls into two regions: soap emulsion-forming crude oils were observed to contain high 
amounts of wax and high amounts of acyclics plus mono-cyclic acids. A cut-off value 
observed for this group of crude oils was 50 % acyclic plus mono-cyclic acids. Soap-
emulsion samples appear to have higher wax contents, but no clear cut off can be 
established for this variable. There was a large scatter in the data for soap scale-forming 
crude oils both in relation to wax content and acid content.  The higher wax content 
reported for the soap emulsion-forming crude oil is in agreement with the work of Gallup et 
al. (2007). Thus this information could in principle be used to distinguish soap emulsion-
forming crude oils from other systems. The non-soap-forming crude oil has the lowest wax 
content of the samples tested, but is close to those for scale-forming systems. More non-
soap-forming samples would need to be tested or a detailed wax cut speciation performed 
to better delineate the flow assurance ranges.  
 
 
 
 
 
 
 
Sample Saturates (wt%) 
Aromatics 
(wt%) 
Asphaltenes 
(wt%) 
Resins 
(wt%) 
Scale-former 27.7 53.7 3.8 14.7 
Scale-former 42.8 51.0 0.7 5.5 
Scale-former 67.3 30.9 0.5 1.2 
Scale-former 37.5 56.1 0.4 6.1 
Scale-former 44.7 45.3 2.0 8.0 
Scale-former 41.2 54.2 0.7 3.9 
Scale-former 69.2 29.7 0.2 0.9 
Scale-former 43.1 43.4 0.7 13.1 
Scale-former 30.1 53.0 8.5 8.4 
Emulsion-former 55.9 32.8 0.0 11.4 
Emulsion-former 56.5 33.9 0.3 9.3 
Emulsion-former 74.2 18.2 0.4 7.2 
Non-soap former 44.9 46.2 1.1 7.8 
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Figure 8.17. Acyclic plus mono-cyclic acid content as a function of wax content for 
selected crude oils. Scales refers to soap scale-forming crude oils, emulsions refers to soap 
emulsion-forming crude oils.
 
 
Sulphur, metal, chlorine and water content. 
Figure 8.18 presents a plot of sulphur content as a function of TAN values for the oils 
analysed. There is no clear correlation between TAN and sulphur for the soap-forming 
samples. Yet a clear area exists which indicates an interesting fingerprint for the soap 
emulsion-forming samples. The results suggest that for low acidic crude oils, sulphur may 
be  a major contributor to TAN, as opposed to high acidic crude oils (where the naphthenic 
acid content represents the main contribution). The results are in agreement with those of 
Meredith et al. (2000) and suggest that the variation in sulphur amounts is due to source 
effects and not TAN. Based on this information, the use of sulphur content for the 
prediction of soap problems in crude oils would be questionable. The results for a bound 
soap scale-forming sample are also presented in Figure 8.18, and this falls in an area of 
high TAN and lower sulphur values.  
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Figure 8.18. Sulphur content as a function of TAN of for selected crude oils. Scales refers 
to soap scale-forming crude oils, emulsions refers to soap emulsion-forming crude oils. 
Bound soap refers to bound soap scale-forming crude oils. 
 
 
Figures 8.19 and 8.20 present attempts to correlate particular metal species in the soap-
forming crude oils with soap-forming tendencies. Figure 8.19 shows the nickel content 
plotted as a function of vanadium content. It can be seen there is no clear correlation 
between these two metal species for the soap-forming crude oils. Thus it is not likely that 
these species could be used for soap prediction. This conclusion is not surprising given that 
the soap-forming crude oils used in this work were from different source rocks and have 
been exposed to different levels of biodegradation. Figure 8.20 presents the measured 
calcium concentration of the soap-forming crude oils plotted as a function of the total metal 
content. The calcium levels in these samples are low compared to the total metal content. 
Weers and Bieber (2005) presented data for high calcium-containing crude oils and 
suggested the high values were a result of the formation of salts in the crude oil. Calcium 
levels for a particular crude oil blend were reported to be between 250 and 435 ppm, which 
are more than two orders of magnitude larger than the values shown in Figure 8.20. In order 
to further establish the true origin of the calcium detected in the sample crude oils, total 
chlorine and water content of the crude oils were measured.  If all the calcium detected in 
the crude oil is due to calcium chloride (dissolved in the dispersed water in the crude oil), 
then the relative molar ratio of chlorine/calcium in these samples would be 2. The measured 
chlorine/calcium ratio for these samples is plotted in Figure 8.21 and the majority of values 
are above 2. The results are probably an indication that most of the measured calcium is 
organic and results from naphthenic acid complexes. This suggests that the use of calcium 
0
1000
2000
3000
4000
5000
6000
7000
8000
0 1 2 3 4 5 6 7 8 9
TAN
Su
lp
hu
r
 
(p
pm
)
scales emulsions bound soap non-soap former
 298 
measurements in a crude oil could in principle be used for soap prediction in addition to the 
FTIR spectra proposed in Chapter 6, to accompany the soap formation reaction. Yet, for 
this to be carried out, different samples would need to be examined. 
 
Figure 8.19. Nickel concentration as a function of vanadium concentration in selected 
crude oil samples. Scales refers to soap scale-forming crude oils, emulsions refers to soap 
emulsion-forming crude oils. 
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Figure 8.20. Calcium concentration as a function of total metal content in selected crude oil 
samples. Scales refers to soap scale-forming crude oils, emulsions refers to soap emulsion-
forming crude oils. 
 
 
Figure 8.21. Water content as a function of chloride/calcium ratio in selected crude oil 
samples. Scales refers to soap scale-forming crude oils, emulsions refers to soap emulsion-
forming crude oils. Note emulsions data falls outside of the chloride/calcium atomic ratio 
scale and hence is not shown. 
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Water properties. 
The basic mechanism for soap deposition presented in Chapter 2 suggested that water data 
should be used in conjunction with the crude oil data for a more accurate soap prediction. 
The presence of naphthenic acid species alone is not sufficient for soap formation. Table 
8.2 presents the surface pH values for a range of produced water samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 8.2. pH at surface and bicarbonate concentrations for produced water samples. 
 
Surface pH can be seen to fall into two major groups, namely, high pH which represents all 
soap emulsion-forming produced waters, and lower pH which represents soap scale-
forming produced waters. Based on this, the use of two critical pH values are suggested for 
prediction purposes. For soap scales, the value suggested is 6.2 (0.1 pH units below the 
lowest measured pH for these samples). For soap emulsions, the suggested value is 7.6 (0.1 
pH units below the lowest measured pH for these samples). The value of 0.1 pH units is 
associated with the typical absolute error in pH meters. The produced water associated with 
the bound soap scale has high pH and falls within the soap emulsion-forming produced 
water range. Water from a non-soap-forming system has a pH value between those of the 
soap scale and soap emulsion systems. More information on these systems can be obtained 
by analysing the bicarbonate ion concentrations in Table 8.2. All soap emulsion-forming 
produced waters were observed to contain high bicarbonate concentrations. Thus, a critical 
value is suggested to be 800 ppm, below which a given system is unlikely to form a soap 
emulsion based on Table 8.2. Gallup et al. (2004) suggested that bicarbonate ions might be 
pH Sample Bicarbonate (ppm) 
8.5 Emulsion-former 2029 
8.2 Emulsion-former 1900 
8.0 Emulsion-former 1100 
8.0 Bound soap scale-former 287 
7.7 Emulsion-former 917 
7.7 Emulsion-former 800 
7.2 Non-former 440 
7.1 Scale-former 714 
7.0 Scale-former 900 
6.8 Scale-former 1029 
6.8 Scale-former 667 
6.7 Scale-former 1418 
6.5 Scale-former 600 
6.4 Scale-former 700 
6.3 Scale-former 530 
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an integral part of the soap emulsion structure. Data in Figure 6.30 also suggests this may 
be the case with the formation of laboratory soaps. There is a large scatter in the 
bicarbonate concentrations for soap scale-forming produced waters as shown in Table 8.2. 
Thus it is unlikely bicarbonate content could be used as a prediction variable. It is 
interesting to note that the lowest bicarbonate concentrations are for the produced water 
from the bound soap-scale and for the non-soap-forming produced water (Figure 8.22). 
Bicarbonate ions act as a buffer, so when naphthenic acids partition and dissociate from the 
oil phase to the water phase (which lowers the pH), bicarbonates help maintain high pH in 
the produced water (Rousseau et al., 2001). When there are less bicarbonate ions in the 
produced waters, the soap-forming reaction might occur until there are no more buffer ions 
to keep the pH high, at which point the soap formation may cease. This would also be a 
function of the exact naphthenic species present in the crude oil. Rousseau et al. (2001) 
have shown that bicarbonate ions may control the amount of acids that can partition and 
dissociate into the water phase. This would also explain why bound soap scale does not 
drop out as solid under field conditions, despite a very high formation water pH. The bound 
soap scaling-crude oil contained the highest amount of naphthenic acids. Yet with the 
lowest bicarbonate concentrations in the produced waters (as shown in Figure 8.22), not 
enough naphthenic acids would be able to partition and dissociate at the oil-water interface.  
Figure 8.23 presents the sodium ion concentration in the soap-forming waters as a function 
of calcium ion concentration. The data falls into two general categories: high sodium and 
low calcium concentrations (soap emulsion-forming produced waters), and high sodium 
and high calcium concentrations (soap scale-forming produced waters). Based on the data, 
characteristic values for soap emulsion systems are: less than 1000 ppm calcium and less 
than 10000 ppm sodium in the produced waters. The higher sodium to calcium 
requirements are in-line with the results shown for model naphthenic acid systems in 
Figures 6.24 and 6.25. It has been shown that acyclic fatty acids (such as those which are 
predominant in soap emulsion-forming systems), form stable soaps in the laboratory when 
in contact with brines having high sodium to calcium content (Figure 6.14). Calcium soaps 
may be formed from these fatty acids only when the calcium concentrations are higher. 
However, it was also shown that the average amounts of these calcium soaps are much less 
than the sodium soaps formed under the same conditions. The use of model solutions 
containing Arn naphthenic acids showed it was also possible to form sodium naphthenates 
with sodium-rich aqueous phases (Figure 6.64). However, the total amount of soap formed 
was much less than the calcium naphthenate laboratory deposits. This can be explained by 
the network effect caused by the interactions of (at least) two calcium ions, and one Arn 
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species. This requirement may therefore be used to explain the higher calcium 
concentrations found in soap scale-forming produced waters compared to the soap 
emulsion-forming waters. The formation of soap emulsions is therefore favoured by high 
sodium concentrations. Data from a non soap-forming system is also plotted in Figure 8.23 
and falls in the soap scale region. Interestingly the bound soap-scaling crude oil data falls 
within the soap emulsion region. Thus if the crude oil properties are such that a precipitate 
is predicted to form, the observation of water properties would help to distinguish between 
soap scales and soap emulsions. It can be speculated that this water sample and the 
associated crude oil sample are co-mingled during production. Because of the high surface 
pH values, acids and calcium ions would become bound in the hydrocarbon phase, which 
would deplete the water of calcium ions. 
  
Figure 8.22. Bicarbonate concentration in produced waters as a function of naphthenic acid 
HA concentration (ppm) in the associated crude oils. Scales refers to soap scale-forming 
systems, emulsions refers to soap emulsion-forming systems, bound soap refers to bound 
soap scale-forming systems. 
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Figure 8.23. Calcium ion concentration as a function of sodium ion concentration for 
produced water samples from selected fields. Scales refers to soap scale-forming systems, 
emulsions refers to soap emulsion-forming systems, bound soap refers to bound soap scale-
forming systems. 
 
 
IFT trends. 
Figure 8.24 presents the interfacial tension (IFT) data of the crude oils systems and 
synthetic brines, as a function of pH. A few interesting trends can be observed. The soap 
scale-forming crude oils show mostly bell-shaped IFT curves, with maximum values at pH 
close to 4. Certain crude oils also show a second maximum IFT at pH close to 8. These 
trends are a reflection of the various surface-active components (i.e. amines, phenols) as 
well as naphthenic acids which become charged as pH changes (Straasner, 1968; Acevedo 
et al., 1992). 
One particular soap scaling-system (Field Z) showed lower IFT trends than the other 
samples tested. However, the higher IFT at pH close to 4 can still be seen for this sample. 
The negative mode MS spectra for this sample were shown in Figures 8.6 and 8.7. This 
sample was the only soap-forming crude oil where the first ionisation of the Arn family was 
detected. Although the second ionisation of the Arn family was also observed in one 
additional crude sample, it can be speculated that the lower IFT values may be owing to the 
presence of this acid species. However in Figure 8.24, the IFT trends for indigenous acids 
are also presented (soap sample from Field Y). This soap sample was shown to contain up 
to 4 wt% Arn (Figure 6.38). It can be observed that the IFT values are much lower than the 
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soap scale-forming systems. Thus, the presence of Arn could be responsible for these 
trends. 
The non-soap-forming crude oil IFT trend is also shown in Figure 8.24 and this sample 
presents a less defined IFT maximum. Thus, despite the fact that surface activity may be a 
consequence of Arn presence, it is unlikely that it could be used alone for soap prediction 
screening. The soap emulsion-forming crude oils present different IFT trends, where 
decreasing IFT values with increasing pH are observed. This can be interpreted by 
examining the IFT trends for fatty acid solutions presented in Figure 6.34. These acids also 
are the predominant species in the soap emulsion-forming crude oils. The sodium 
(predominant cation in the synthetic brine) and fatty acid pairs are believed to be packed at 
the oil water interface (Figure 6.13). When calcium naphthenate precipitates Arn acid is 
removed from the bulk of the crude oil to the oil water interface. This leads to low IFT 
values as shown in Figure 8.24. An attempt was made to correlate the maximum IFT at pH 
4 with the soap formation tendency of the different crude oils. However, it was found that 
IFT ranged between 22 and 10 mN/m, and it was not possible to distinguish between the 
two main end-member soap varieties (soap scales and soap emulsions). It is thus suggested 
that the overall IFT trends be used as an additional qualitative guideline for the prediction 
of soaps from crude oil and water properties only. 
 
Figure 8.24.  IFT values for selected crude oil and brine systems as a function of pH.  The 
solid thin red lines refer to soap scale-forming systems, the dotted blue lines refer to soap 
emulsion-forming systems, the thick black like refers to a non-soap-forming system, the 
dotted thin black line refers to an indigenous acid system.  
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8.6. Conclusions. 
The main contribution in this chapter is to the state-of-the-art of prediction of soaps from 
production fluids. Note that previous chapters presented analysis of soap deposits, where 
the concentration of naphthenic acids was relatively high. The challenge associated with 
identifying naphthenic acids in crude oils is low concentrations, particularly of species such 
as Arn. 
A few guidelines were discussed in this chapter using naphthenic acid identification and 
other crude oil and water properties. Note however that due to the limited number (e.g. < 
20) fluids used, data does not have true statistical significance. 
It was difficult to fingerprint precisely soap scale-forming crude oils in regards to the crude 
oil and water properties. However, the fingerprinting of soap emulsion-forming crude oils 
was possible.  Therefore two general end-member soap types can be distinguished. More 
data is required for a better understanding of the bound soap scale cases.  
API gravity and TAN may be used as a preliminary indicator of soap formation tendency. 
Soap emulsions occur at high API, while soap scales occur at low API. Intermediate API 
values between 25 and 30 API must be used with caution.  
Various different naphthenic acid families were observed in soap-forming crude oil 
samples. High-resolution mass spectrometry and ion-exchange separation of the naphthenic 
acids were unable to detect the Arn acid species in all but two soap scale-forming crude oil 
sample. It is concluded that this species was probably removed from the crude oil during 
deposition. Quantitative Arn identification would therefore be more suited on virgin, 
pristine crude oil samples which had not experienced precipitation.  
The surprisingly low ion-exchange yields found in this thesis represent a major contribution 
in this chapter. Though the results do not discourage the total use of this method for further 
acid separation, results must be used with reservation for fingerprinting purposed. Further 
optimisation of the separation technique may lead to better performance and less biased 
effects as a function of naphthenic acid molecular weight.  
In this chapter, a new naphthenic acid indicator was shown to distinguish between soap 
emulsion-forming crude oils and soap scale-forming crude oils: acyclic plus mono-cyclic 
acid percent plotted against the acyclic/cyclic naphthenic acid ratio. This also represents a 
major contribution of this chapter. 
Whole oil GC and GCMS studies indicate soap emulsion-forming crude oils to be non-
biodegraded samples having land plant organic matter as source material. Soap scale-
forming crude oils have various degrees of biodegradation with predominantly siliciclastic 
source rock in normal marine environment. However, deltaic or land plant dominated 
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lacustrine facies source systems were also observed. C29 ratios also show potential for 
fingerprinting. Overall it would be of importance to distinguish parameters associated with 
both biodegradation and maturity.  
Wax content as a function of acyclic acid plus mono-cyclic concentration (50 % threshold) 
can be used to distinguish soap emulsion-forming crude oils, as opposed to soap scale-
forming crude oils.   
The critical pH for soap emulsion systems was identified as 7.6. These systems were only 
seen to occur when bicarbonate concentrations in the water were above 800 ppm. Produced 
water critical calcium and sodium concentrations were found to be below 1000 and 10000 
ppm, respectively. The critical pH for soap scale-forming systems was identified as 6.2. 
These were seen to occur with varying concentrations of bicarbonate ions. Calcium 
concentrations were found to be above 1000 ppm with higher calcium/sodium ratios for 
soap scales compared to soap emulsion-forming systems.  
Analysis of metal content in the soap-forming crude oil suggested that most of the calcium 
ions dispersed in the samples were present in the form of complexed salts. The majority of 
the crude oils in this chapter have experienced some form of soap precipitation. The 
presence of complexed salts suggests that the mechanism of soap formation could be 
accompanied before the onset of precipitation. This supports the use of FTIR, as discussed 
in Chapter 6 for model systems. 
Soap emulsion-forming crude oils show decreasing IFT values as a function of pH, and this 
is a direct function of the presence of acyclic acids and sodium ion pairing at the oil-water 
interface. Soap scale-forming crude oils present a bell-shaped IFT curve as a function of pH 
which is a reflection of the diversity of surface-active components present in the crude oil 
samples. The low IFT values as a function of pH in the soap-forming crude oil samples is 
very likely related to the presence of Arn. 
The techniques used and presented in this chapter for soap analysis, were conducted and 
acquired from static measurements only on dead oil and water samples. Should data from a 
non-soap-forming field be available for comparison it would be advisable also to submit 
this crude oil (and associated produced water) to conditions which mimic field operations 
as closely as possible, e.g. shear, water cut, temperature, pressure. Thus, the use of 
deposition rigs similar to those reported by Rousseau et al., 2001; Mediaas et al., 2005; and 
Dyer et al., 2006 would be suggested. 
Table 8.3 presents a summary of the soap prediction information presented in this chapter. 
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  Soap Type   
Parameter Soap Scale Soap Emulsion Uncertainty 
API vs. TAN Low (< 25) and high (> 1) 
High (> 30) and 
low (< 1) 
25-30 API. TAN 
value < 0.5 also 
observed with soap 
scales 
Naphthenic acid 
indicators        
Arn presence 
A possible (but not 
necessary) 
indicator  
Not associated Low concentrations, 
contaminated samples 
Acyclic/cyclic 
ratio
 vs. acyclic 
plus monocylic % 
< 0.6 and < 50% > 0.6 and > 50% 
MS values given as % 
(assumed same 
ionization in ES run) 
Geochemistry 
Most are 
biodegraded with 
siliciclastic source 
rocks 
Clear fingerprint 
of non-
biodegraded 
deltaic or 
lacustrine with 
land plant matter 
Deltaic and lacustrine 
also present in soap 
scales 
Wax % vs. acyclic 
plus monocyclic 
% 
> 4% and > 50% < 4% and < 50% 
MS values given as % 
(assumed same 
ionization in ES run). 
Assume pristine 
sample (no wax loss) 
Water properties       
pH > 6.3 > 7.6 Major uncertainty 
Na+ and Ca2+ 
(ppm) 
> 10000 and > 
1000 
< 10000 and < 
1000   
HCO3- (ppm) n.a. > 800 Effect of VFA’s not computed  
 
Table 8.3. Chapter guidelines for soap scale and soap emulsion fingerprinting. Note n.a. = 
not applicable. 
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CHAPTER 9 – CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK. 
 
9.1. Conclusions. 
The main objective of the work undertaken in this thesis was to study the formation of soap 
deposits through analysis of field samples, as well as mechanistic experiments with a 
variety of naphthenic acid systems under laboratory conditions. 
Chapter 4 presented the results of a series of sensitivity tests carried out using deposit 
samples from a range of fields from Southeast Asia to West Africa. It was possible to 
distinguish clear characteristics that differentiate between calcium naphthenate soap scales 
and sodium carboxylate soap emulsions in field deposit samples. The analysis of 
naphthenic acid in the deposits using low-resolution mass spectrometry showed the 
presence of Arn species only in calcium naphthenate soap scales and not in sodium 
carboxylate soap emulsions. Acyclic species were detected in all field deposits, but were 
shown to be predominant in sodium carboxylate soap emulsion samples. It was also shown 
that detection of the naphthenic acid species, including Arn acids, was a function of the 
analysis method, which in this case involved the ionisation source, instrument settings and 
solvents employed in the mass spectrometry analysis. Overall detection was suggested to be 
a function of ionisation conditions, charge transfer, solvent polarity and viscosity (for non-
derivatized naphthenic acids). Moreover, it was shown that clear differences exist between 
chemically treated deposits and deposits formed in-situ in the field without chemical 
treatment. It was concluded that chemically treated calcium naphthenate soap scale deposits 
contained less calcium ions in addition to less Arn species. There was evidence of 
relationships between the availability of naphthenic acids (given by use of production 
chemicals or solubility/thermodynamic effects of crude oil species) with the final 
composition found in the field deposit itself (viz. presence of Arn in non-calcium-
containing deposits). For instance, when an inhibitor was used to prevent soap formation, 
the predominance of acyclic species as opposed to Arn in the deposits, suggested there was 
complexation with the former species present in the parent soap-forming crude oil. This 
resulted in a reduction of the Arn signal at m/z 1230, and an increase in low molecular 
weight naphthenic acid concentration in the field deposit. Overall the results in Chapter 4 
present a novel combination of analytical techniques applicable to field deposits, which 
enable characterisation of both inorganic as well as organic portions. 
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The objective of the experiments described in Chapter 6 was to conduct a series of 
experiments using static bottle tests with model naphthenic acids, naphthenic acid extracts 
and crude oil samples. The formation of soaps in the laboratory was shown to be both a 
surface and a bulk phenomenon, which is a function of oil and water phase properties. It 
was shown that soaps may be formed using realistic aqueous phases and this is pH 
dependent; similar to that observed under field conditions. Acyclic species dissolved in 
toluene and sodium-rich aqueous phases were shown to lead to the formation of sodium 
carboxylate soap emulsions. Cyclic acids, on the other hand, were shown to react 
preferentially with calcium-rich aqueous phases. Cation effects were discussed in terms of 
hydration (given by the ionic radius) as well as the partitioning and dissociation of the 
naphthenic acids. Surface effects were also shown to be affected by combinations of these 
variables. 
The role of Arn in soap deposition was also discussed in this thesis. These acids showed a 
high affinity towards calcium ions through the formation of a sticky network at the oil-
water interface. This is probably owing to the four carboxylic groups identified in this 
thesis by MS/MS, which was first suggested by Baugh et al., (2004). It was possible to 
form a calcium naphthenate soap scale in the laboratory which contained Arn, but only with 
calcium-rich and bicarbonate-containing aqueous phases. When sodium-rich or aqueous 
phases not containing bicarbonate were used, deposits were formed in the laboratory which 
did not contain Arn, but predominantly straight chain naphthenic acids. The role of 
bicarbonate ions in soap emulsion tests was suggested to be not only a buffer effect, but 
also an integral part of the naphthenic acid complex. 
The formation of soaps from crude oils showed mixed results in this thesis. Although 
water-in-oil emulsions were seen to form from soap emulsion-forming crude oils, no soaps 
were obtained using soap scale-forming crude oils. It was suggested that this could be 
owing to insufficient pH variations during the static bottle test experiments and/or slow 
kinetics. Nevertheless, since Arn naphthenic acids were only identified in two of these 
crude oils, the influence of this species cannot be totally ruled out. 
Static bottle tests described in Chapter 6 showed that, when mixed with other acids, Arn 
species are the predominant surface-active components within model systems. This 
conclusion was obtained using interfacial tension measurements, and aqueous phases 
containing pH and dissolved solids commonly found in produced waters. However the 
presence of different acids was shown to affect the final composition of the deposits formed 
as well as the amount of partitioning and dissociation. These tests were carried out with 
indigenous naphthenic acid species but evidence from a field deposition case was also 
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presented. The conclusions of these experiments point to a critical concentration of Arn 
acids for the formation of calcium naphthenate soap scale deposits.   
Chapter 7 discussed in detail a series of prediction experiments and preliminary model for 
soap systems in the laboratory. At present, one of the biggest limitations is that the model is 
strictly dependent on one naphthenic acid in solution, not multi-component species. The 
challenge lies in obtaining parameters for multi-component systems, such as the 
dissociation constant (pKa) or the solubility constant (KCaA2) when more than one 
naphthenic acid is present in solution. Nevertheless, it was shown that the indigenous acids 
(including Arn) have two different pKa values. Additional precipitation experiments are 
necessary to correlate the amount of soap formation encountered in field conditions. A 
further challenge lies in the quantification of soap emulsion quantities with model 
predictions, since these soaps do not form solids per se. 
In Chapter 8 an attempt was made to correlate various crude oil and water parameters to the 
tendency for soap formation in a range of different soap-forming systems. A description of 
the limitations of one of the solid phase extraction techniques (QAE-sephadex) for the 
treatment of crude oil naphthenic acids was carried out (however no optimization of the 
method was attempted). The relationship of Arn presence in crude oil samples on resin 
selectivity was not addressed. It would be advisable to repeat tests with pristine soap-
forming crude oil samples (possibly collected from downhole campaigns). Despite this, it 
was shown that Arn was only detected in two soap-forming samples. Nevertheless, using 
naphthenic acid speciation obtained from low-resolution instruments allowed for the 
differentiation of soap scale-forming and soap emulsion-forming crude oils. Particular 
geochemical aspects of soap-forming crude oils were identified, such as the link with 
biodegradation. The wax content of crude oils was also shown to correlate well with 
specific acyclic acid structures for the different soap-forming crude oils. Additional non-
soap-forming samples are necessary to support the conclusions in this chapter. 
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9.2 Recommendations for future work. 
Additional work on the naphthenic acids present in the field deposits could include 
developing new or improved methods for naphthenic acid characterisation, such as 
separation via more selective ion-exchange resins. This may benefit the detection of bad-
actor acids such as Arn. Research in the literature has indicated that the detection of acids 
may be improved by the use of derivatization agents, such as BF3/methanol. This agent has 
been employed extensively in the study of indigenous naphthenic acids from soap deposits 
(Lutnaes et al., 2006), but the exact yields of derivatization as well as selectivity towards 
different naphthenic acids have not been discussed. It is suggested therefore, that a range of 
different derivatization agents be employed and their effect on the characterisation of acid, 
using different sources and solvents be carried out. Two-dimensional gas chromatography 
also has the potential to evaluate naphthenic acids from a molecular perspective. Only one 
reference exists in the literature that deals with this subject (Hao et al., 2005). The 
technique does have limitations since acids with hydrogen deficiencies larger than 10 (five 
cyclic rings) cannot be analysed due to boiling points. The technique therefore would be 
more efficient if applied with a time-of-flight mass analyser (TOF), possibly with the use of 
derivatization agents, in GCMS. The analysis of Arn was briefly studied using LCMS in 
this thesis. Thus it would be advisable to repeat some of the above-mentioned experiments, 
with the LC fractions identified as being associated with the Arn acid. This would also help 
further characterisation studies such as 2D NMR which were not successful due to very 
complex spectra being produced, without the separation of the Arn from the other 
indigenous acid species. 
It is also suggested that more tests be conducted using high-resolution mass spectrometry. 
This would be useful to distinguish carboxylic groups from other heteroatom-containing 
acidic species, currently not possible with the low-resolution instruments used in this thesis. 
The results presented in Chapter 6 with regards to bulk and surface property trends present 
good opportunities for molecular simulations. In particular, studies could be carried out to 
examine the behaviour of naphthenic acids at the oil-water interface as well as the 
simulation of chemical inhibitors. A more detailed analysis of the importance of liquid 
crystals (which were shown to be associated with the Arn acids under certain conditions in 
Chapter 6) is recommended. This could help provide further detail on stability mechanisms, 
by the mapping of the phase behaviour of the Arn acid in model systems. One of the issues 
involved in calcium naphthenate soap scale formation not addressed in this thesis is the 
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hardening of soap samples when exposed to air. It is not known if this is an oxidation or a 
curing process. Nevertheless, it would be an interesting aspect for future analysis. The 
benefit of such analysis would be to verify if the soap samples can be better treated or even 
flowed prior to handling (which may improve OPEX costs). Many viscosity measurements 
were carried out on chemically treated soaps, but these were not presented in this thesis. 
Values were high (of the order of 4500 cP). Viscosity values may also be used to follow 
inhibition reactions. Water contamination, as well as wax precipitation influence on these 
results cannot be ruled out. It is debatable if crude oil or interfacial viscosity analysis could 
be used to predict soap formation. In addition, if soap scales may be kept in sludge form 
when collected under field conditions, they may be easier to treat and transport on site, and 
this would bring economic benefits to field operations. 
One of the areas for further work with soap-forming crude oils would be to examine more 
realistic pH adjusting systems. Both a tube blocking and a CO2 rig were shown to lead to 
poor results, but better design of a deposition rig could be attempted, in particular, CO2 
mixing should be focused on. The open literature contains at least two references of 
naphthenate test rig designs that could be adapted for further work (Mediaas et al., 2005; 
Dyer et al., 2006). The use of live fluids would be a useful addition to these experiments 
since it would allow the examination of three phase (oil-gas-brine) systems at production 
conditions. Ultimately this would also enable the role of PVT properties on soap formation 
to be examined. During the experiments in this thesis, it was shown that FTIR has excellent 
potential as a prediction tool for the formation of soaps in the laboratory. It was suggested 
that depletion of naphthenic acids could be followed by FTIR measurements on oil phases. 
A natural progression of this work could be that the extension to crude oil systems to 
examine properties for indigenous acids and soap formation. 
The action of dedicated chemical inhibitors on the formation of soaps was not investigated 
explicitly in this thesis, although the effects of chemical treatment on soap composition 
were shown in Chapter 4. Despite this, the development of the optimised static bottle tests 
has potential for the study of such production chemicals, and better insights into the 
deposition mechanism. Further work could focus on the testing of inhibitors using these 
procedures. 
More experiments should be designed for the purpose of obtaining information associated 
with the naphthenate precipitation model discussed in Chapter 7. Further sensitivity 
modelling should be carried out to examine the effect of water-cut and different naphthenic 
acids on modelling results. In addition, the presence of bicarbonate buffers in solution was 
not considered in the modelling presented in Chapter 7. Ideally, the incorporation of a 
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deposition model in commercial software such as Multiscale or OLI would be of industrial 
interest. However, for this model to be validated, experiments would have to be conducted, 
preferably, with realistic feeds. The challenge here would be to match the PVT behaviour 
of reservoir fluids with soap deposition thermodynamics. 
The correct speciation of n-paraffins present both in the soap-forming crude oils and 
particularly in soap emulsions, would be an interesting area to pursue in future work to 
build on the conclusions obtained in Chapter 8 (e.g. the influence on overall wax content on 
soap fingerprinting). For this purpose, high temperature gas chromatography (HTGC) 
would be most suitable. This would allow further verification of the particular effects of 
biodegradation of crude oils. It has been reported in the literature that fatty acids may be 
used as precursor for cyclic naphthenic acid structures and hydrocarbons (Philp, 1994). One 
possible biological route for the Arn acid from archaelbacteria has been already reported in 
the literature (Lutnaes et al., 2006). No attempts have been carried out to support these 
claims using laboratory tests. The study of maturation/biodegradation or thermal effects on 
naphthenic acids would thus be a suitable route for studying the exact formation of high 
molecular weight Arn acids. Therefore the following could be addressed by this approach: 
the relationship between biodegradation and naphthenic acids and formation of naphthenic 
acids in situ. For this purpose, two non-biodegraded crude oils and one moderately 
biodegraded crude oil sample candidates could be examined. The crude oils could be 
treated under controlled laboratory conditions following the procedures described by 
Goodwin et al. (1981). In summary, these tests could be used to predict the formation of 
Arn acids in reservoir conditions and thus would serve as a valuable tool in new exploration 
and production projects. 
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